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PREFACE 

The present volume is the outcome of an endeavour to collect 
and to classify, in as brief a form as possible, the more important 
information relating to the subject of high speed internal combustion 
engines, as viewed from the theoretical and experimental sides. 

Although many excellent treatises upon the subject of internal 
combustion engines have appeared from time to time, and some 
apology would at first appear to be necessary in introducing yet 
another work upon the subject, yet it must be acknowledged that 
the majority of books hitherto written have been chiefly concerned 
with the heavier, and slow speed types of engine, and that there 
exists the necessity for a work of the present nature. 

With one or two notable exceptions, the subject of liigh speed 
internal combustion engines does not appear to have received, in 
collective publication form, the attention that its more recent 
rapid development should merit, The writer has attempted, but 
with no pretence at completeness, to analyse the more important 
of the available theoretical and experimental esults, and to 
present them to the reader in ome kind of order and sequence. 

The present volume is intended to form a companion to one upon 
the subject of high speed internal combustion engine design, so 
that the prominence given to certain branches of the subject may 
perhaps be appreciated. The importance and influence of experi- 
mental work upon design has been reaUzed, and a chapter upon the 
methods of measuring the pressures within the cylinder of high 
speed internal combustion engines has therefore been included. 

Although the subject matter in the present work has been care- 
fully checked, it is possible that some shps or errors may have 
passed unnoticed, and the author would be glad if his attention 
were drawn to same. 

In conclusion, the writer would hke to take this opportunity of 
acknowledging the kind assistance rendered by Prof. W. Watson 
and Mr. W. E. Dommett in the preparation of this book. 

ARTHUR W, JUDGE. 
London, 1916. 
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CHAPTER I 

Tke Theemodynamics or the Internal Combustion Engine 

In studying the various phenomena and changes which occur 
within the cyhnder of the internal combustion engine, it is very 
important, not to say essential, to be fairly well acquainted with 
the theory underlying the behaviour of the working substances, 
which in the present instance are treated as being gaseous. 

The fundamental properties which define the physical state of a 
gas from a thermodynamical point of view are its pressure, tempera- 
ture and volume, for with a knowledge of these three factors the 
whole of the other properties can be deduced. 

It will be necessary, before deahng with these properties and with 
the laws concerned, to define the units employed, commencing with 
those connected with temperature. 

The unit of heat, which is used for expressing quantities of heat, is 
defined as the quantity of heat necessary to change the temperature 
of unit mass of water one unit. The unit now adopted by English 
engineers is the "British Thermal Unit," whiohrepresents thfs quantity 
of heat required to change the temperature of 1 lb. of water 1° Fah., 
and as this quantity slightly varies with the initial temperature of 
the water, it is general to specify 60° P. as the initial temperature. 

In the metric system, the unit of heat is the Calorie, which 
represents the heat required to raise 1 kilogramme of water through 
1° C. It might be mentioned in passing that one Calorie = 3-967 
B.T.U.8., or one B.T U. = 0-252 Calories. 

The unit of work is the foot pound, that is, the work done in lifting 
1 lb. weight through a vertical distance of a foot ; the metric unit 
of work is the kilogramme-metre, whioh is similarly explained. 

As heat is convertible into mechanical work, it is necessary to 
know the relation between the two respective units, for which 
information we were first indebted to Dr. Joule, and subsequently 
to other experimenters. The actual relation now adopted as correct 
is that one B.T.U. of heat is equivalent to 778 foot pounds of work ; * 
this latter quantity being denoted by the letter J. 

* For the work o£ various experimenters, vide Phil. Trans. Roy. Soc, 
1893 and 1897. 

1 B 
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The two principal laws governing the expansion and compression 
of gases are known as Boyle's and Charles's Laws respectively. 
Neither law is strictly true for permanent gases, although true ia 
every sense for the ideally perfect gas. 

Boyle's Law. 

Boyle's Law states that for a given mass of gas, at constant 
temperatiire, the pressure varies inversely as the volume ; or, using 
the letters P and V to represent pressure and volume respectively, 

Pa-y , that is, the product P x V = constant (1) 

For air : — If V is the volume of 1 lb. of air in cub. feet and P is 
the pressure in lbs. per sq. foot, at the constant temperature of 
freezing water, 32° F., 

Then we have P.V = 26220. 

The relation between 
P and V can be graphi- 
cally represented by a 
hyperbolic curve, as 
shown ia Fig. 1. 

Charles's Law. 

Charles's Law states 
that when a given mass 
of gas expands under 
constant pressure, equal 
increments of tempera- 
ture produce equal in- 
crements of volume, 

and it also states that 

l/o/ume. all gases expand alike. 

Fig. 1. '^li'^s if V„ is the 

volume at zero temper- 
ature of a given quantity of gas expanding at constant pressure, 
and if V is its volume at any other temperature T^ 

Then V=V„(l+aTi), where a is a constant. 
Thus when T^ is in Centigrade units a is very nearly 35-f^, and 
when T^ is in Fahrenheit units a is very nearly y^. 

Assuming Charles's Law to be correct for the temperatures below 
zero, in the above tmits, it wiU be seen that the temperature 
at which the volume V of the gas vanishes is given by 
V = 0= V„ (1 + aTi) 

or Ti = - — = - 273° C, or - 461° F. 
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Actual experiments upon contracting gases, however, show 
that the above law fails at low temperatures, as most gases 
solidify before such a low temperature is attained, but the abso- 
lute zero of temperature is a useful conception, and in thermo- 
dynamical relations it is customary and useful to express tem- 
peratures on this Absolute Scale. 

Thus in Centigrade imits we have Absolute Temperature T = 
Ti + 273° ; in Fahrenheit units Absolute Temperature T = T^ + 461. 

Using this relation Charles's Law becomes V = V^.T.a. . (2) 

By combining equations (1) and (2), the relation is at once ob- 
tained where R is a constant, 

P.V = R.T (3) 

Using the same units for P and V as before, and expressing T 
in Absolute Fahrenheit units, we get P.V = 53-18 T for air. 

The value of the constant R for any gas depends upon the 
specific heat of the gas under different conditions. 

By the specific heat of a gas is meant the quantity of heat required 
to raise unit mass of the gas through 1° of temperature. The 
pound and Fahrenheit units are usually employed. 

There are, however, two specific heats to which the above defini- 
tion applies, namely, the specific heat at constant volume, usually 
denoted by C^, and the specific heat at constant pressure or C^,. 

Joule's Laiw. 

This law states that heat and mechanical work are mutually 
convertible, a unit of heat being equivalent to a certain amount 
of mechanical work, called the Mechanical Equivalent of Heat. 
The relation between these two quantities has already been given. 

This relation can be written as w = J.H (4) 

where w = the amount of mechanical work in work units. 

and H = the quantity of heat in heat units. 

J = the Mechanical Equivalent of Heat = 778 in Fahrenheit 
units. 

When a gas expands without actually doing external work and 
without taking in or giving out heat {i.e., without changing its internal 
energy),- its temperature remaias constant : a fact established by 
Joule. This definition clearly illustrates the meaning of the term 
Internal or Intrinsic Energy, for it shows that the internal energy 
of a given quantity of gas depends only upon its temperature. 

When a quantity of heat H is supplied to a gas, and work is done 
by the gas, denoted by W (in heat units), and if E^ is the initial 
and E the final internal energy of the gas. Joule's Law may be 
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expressed as : Heat supplied = work done + increase in internal 
energy, 

orH=W+(E-EJ (5) 

For a small change we have dH. = dW + dE. 
When the gas is subjected to a complete cycle of operations, 
the final internal energy is the same as the initial energy, 

so that c^E = O 
then dK = dW 
and J- (^H = / rfW 

which, with the constant of integration zero, gives H = W 

(that is, the work done during the cycle is equivalent to the heat 
supplied). 

Here the quantities H and W are expressed in the same units. 

Specific Heat at Constant Pressure, C^. 

If a given quantity of gas be heated at constant pressure P from 
temperature T^ to Ti and if Vj and Vj represent its initial and 
final volumes, we have : — 
Heat taken in = C,,. (Ti - T^) 

Work done = P(Vi - VJ = R (Tj - T^) from Boyle's Law. 
Also from the above relation (4), H = W +(E — E„) 

P 

then Cj, (Ti — Tj) = ^jr-(V, — Y^) + change in internal energy 

= ^(T, -T,) + C„(T, -T,) 

From which Cj, - C„ = ^ (6) 

This gives one relation between the specific heats of a gas in terms 

of the constant R (mechanical units). 

Dividing both sides of Equation (6) by C„ and expressing R in 

R 

heat units, we have -^ — 1 = — - 

Q 

The ratio of the specific heats -^2 of a gas is generally denoted 

R 1 

by the symbol y, so that y = I -\—7=r ~ 5~ • • • • (V) 

" 1 — ^L 

In the above relations it is assumed that both Cj, and C„ remain 
constant at all temperatures, but the experiments of Holborn and 
Hemming and others show that the specific heats of a gas at 
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constant pressure and volume vary to a small degree with the 
temperature ; this will be considered more fully later on. 
We can now write the relation P.V = R.T 

as P.V =(C, - a).J.T (8) 

The Expansion of Gases. 

A gas may expand or contract in two principal ways, namely : — 

(1) It may expand or contract at constant temperature, that 

is Isothermally. 

(2) It may expand or contract so that it neither receives nor 

loses heat in any manner, that is Adiabatically . 
When a gas expands isothermally, it follows Boyle's Law, 
according to the equation 

P.V = R.T (3) 

and its curve of expansion is a rectangular hyperbola, 

as shown in Fig. 1. 
When adiabatio expansion occurs, the work which the gas does 
in expansion is done at the expense of its stock of internal energy, 
no heat being exchanged between the gas and outside sources 
by the usual processes of conduction and radiation. 

In actual internal combustion engines, the expansion and com- 
pression of the gases occupies only a very small period of time, so 
that the gases themselves have very little opportunity for losing 
or gaining heat, and hence the performances are sensibly adiabatic. 

Equation of an Adiabatic Line. 

In order to obtain the equation of an adiabatic expansion curve, 
in terms of pressure and volume, it will be necessary to consider 
the general equation giving the change in the condition of a gas 
by the addition of an infinitesimal amount of heat SH. 

Since heat supplied = Change of internal energy 
+ External work done 
then for a very small change due to heat SH supplied ; — 

SH = C„.ST + P.SV 
or dR = C/T + 'PdY (9) 

Since T is a function of pressure and volume, we may write 

T = / (P.V) and dT = ^.rfP + ^dV. 

Also we have P.V = R.T 

and so aT = -— \- ^g — 

R. R. 
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Hence Equation (9) becomes dH = Gv\ -^ 1 [ + V.dY 

Knowing that C^, — C^ = R, or C^ + R = C^,, we now obtain by 
substitution (?H= -i- 1 C,V.c^P + Cj,.P.(Zv} (10) 

This is a general expression for the heat required for a given 
gaseous change. 

Now in the case of an adiabatic change, no heat is given to or 
lost by the gas in expanding, so that dH == 0. 

Hence -^{c^.V.^P + C^.P.rfvj = 0. 

■ ■ p ^ c, ■ V 

Integrating log P + y log V = constant 

C 
and putting —^ = y or PV'>' = constant (11) 

This is the general equation for an adiabatic change, and the 
value of y for air is about 1-41 ; the values for other gases are 
given in Table VI. 

If we now consider the relation between the volume of a gas 

and its temperature due to an adiabatic change, and let P, V, T 

represent the initial, and P^, V„, T„ the final state of the gas, we 

have PVi- = P„V/. 

., ^ R.T , ^ R.T„ 
Also P = -y^ and P„ = -—-^ 



T /V \ y-^ 

So that ^ = (^-^J .... (12) 



Similarly it can be shown that the relation between the pres- 
sure and temperature in an adiabatic change is represented by 

P^^. T = constant (12a) 

Here it must be remembered that temperatures are expressed 
on the absolute scale. 

Example. — ^As an example of the use of these adiabatic formulae 
consider a quantity of dry air to be compressed adiabaticaUy from 
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an initial volume of 600 c.o. to a final volume of 160 c.c, its initial 
temperature being 60° F. (=521° absolute). The value of y for 
dry air is 1408. 

Here we have T„ =521 

and^=(^f-^=4-=l-741 
521 Vl50/ 

Whence T = 907° absolute or 446° F. 

In like manner it can be shown that the pressure, assumed to be 
origiaaUy atmospheric, rises to 4^'*, or nearly seven atmospheres. 

It wiU frequently be necessary to consider cycles of operations 
in which both isother- 
mal and adiabatic 
changes are involved, 
so that it will be of 
value to compare the 
two changes graphic- 
ally as shown in Fig. 2. 

It will be seen that 
if a gas originally de- 
fined by the co-ordi- 
nates of the point A 
be expanded re- 
spectively in the above 
two manners, the 
adiabatic method gives 
a more rapid rate of 
decrease of pressure. 

This can be proved by finding the slope (or tangent) of the two 
curves at A. 

For the isothermal PV = constant 

, dV P 

For the adiabatic PV'*' = constant 

, dP P 

and as y is always greater than unity, the adiabatic has the greater 
slope, and thus hes below the isothermal. Conversely, if a given 
volume of gas be compressed, adiabatically and isothermally, 
it win attain a higher final pressure in the former case, the final 
volumes being the same. 

The compression of the charge of explosive mixture in such a 
case as that of a high-speed internal combustion engine is so rapid 




Volume 



Fig. 2. 
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that it is nearly adiabatic, whereas in very slow-running engiaes, 
where time elapses for the charge to dissipate some of its heat, the 

compression approaches an iso- 
thermal one. 

Work Done in Expansion. 

(1) Isothermal E xpansion. 
Consider a given quantity of 
gas as represented by A on the 
curve AB (Fig. 3) to expand 
isothermally to B, and let PiVi 
represent its state at A, and 
P2V2 at B. 

Now since the work done in a 
small expansion dV is P.SV we 
have by integration 

T.dY 




Volume. 
Fig. 3. 



Work done in expansion = I 
since PiVj = P2V2 = PV = constant = K 
Then work done = 



.K 



'Vi 



= K. 



V2 



'-.© 



= PiVi log, r .(13) 

where r is the ratio of expansion = -==^ 

Vi 

That is = R.T. log, r 

expressed in terms of the constant temperature T. 

(2) Adiabatic Expansion. In the case of an adiabatic expansion 

our expression for the work done is the same, namely : — 

Work done = \ P.dV 



\ P.a 



and since PiVjT = PaV,-/ = P.Vv = constant 



Ki 



we get W 



W: 



1 



5- 
K 



dY 



1 



-[v^i-v-V,!-^] 
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Or we may write this as -ilij^X^y-v - l} • • • • (14) 
Again if Tj and T2 be the initial and final temperatures 

andW = ^#-ll = 51i|^-^l 
1-ylTi i 1-yl Ti J 

R 

or by substituting C^ =- W = C^(Tj - Tj) . (15) 

1 — y 



then 



(?;)' 



(3) Expansion according to P V— constant. Supposing the expan- 
sion occurs according to the law PV" = constant, it follows from 
the above that the work done is given by 

P V T ~t 



w 



.^; m^ ^ ] 



V. w _ PiVi 



Since r = r^r- W = 



Vi 1 -n 

This result may also be written as 

W = 



L.1-^ _l\ (16) 



PiV, - P,V, 



n — 1 

and because PiVi" = PaVa" W = ^^'^^ ~ ^'^ in terms of 

w — 1 

the initial and final temperatures. 

The Heat Required for a Given Change. 

It frequently happens that the initial and final volumes Vj and 
Va of a gas are known, or at least are measurable from an indicator 
diagram, and also the corresponding pressures, and that from them 
we wish to deduce the quantity of heat required for the given 
change from PiVi to PaVj. 

As before, we have dB. = C^.dT + l^.dY (9) 



l\dT+ \Fd^ 



Integrating . • . H = C^ UT + I PdV 

= C ,(T2 - Ti) + External work done (17) 

Now if the law of expansion is known to be of the form PV" = 
constant, we can integrate P.dV to get the external work, as in 
(17), done and hence H is determinate. 
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Rate of Heat Reception per Unit Change of Volume. [Data 
from the Indicator Diagram.] 

If the working substance or gas expands according to any given 
law., we can find the rate at which it receives or rejects heat per 
unit change of volume, from an investigation of the indicator 
diagram. As in the above example we have 

d'S.=C,.dT + V.dY (9) 

As P.V. = R.T 
dY R 



dT p v^ 

^ dY 

then b, a„bst,t„t,o„ ^^ = 0, [^(P + V.^^) + g-] 

=,-^('^ + 4v) • ■ ■ ■<-' 

All of these quantities can be measured from the indicator dia- 
gram, although the slope of the expansion curve cannot be obtained 
very accurately, and it is then possible to plot a curve showing 
the rate of heat reception or rejection at all parts of the diagram. 

In the case of the expansion law being of the form P.V." = con- 
stantwehave^jj^^^^^^p^^ 

and uitegratmg H = C J rfT + \ V.dY 
JT, )Y, 



For PV = Constant = K and C. =-^ 



1 — n\_ J y — 1 

From (15) H = External worJc done X ~ 

y — 1 
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So that in this case the heat required for a given change, as 
represented on the indicator diagram, can be readily obtained by 
measurements from the same. 

In order to obtain the value of the index n, that is, to find the 
law of expansion, the pressures Pj, Pa and corresponding volumes 
Vj and V2 at two points on the curve (Fig. 3) can be measured. 

PiVi" = PaVa" = constant. 
Taking logarithms, Log Pj + w log Vi = log Pa + w log V^ 

andso.= ;°gp--;°gjp- 

log Vj - log Va 

General Equation for the SpeciQc Heat of a Gas. 

In all cases of gases possessiag variable specific heats, if a small 
quantity of heat ^H be given to a unit mass of a gas, thereby 
raising its temperature from T to T + (3T 

then the specific heat at temperature T = — - in the limit ; 
and the specific heat at constant pressure C =(— - J 

\Ci JL/ J> 

Similarly, the specific heat at constant volume C^ = (-rpf,) 

that is to say, if the expression for the quantity of heat is known 
in terms oi f, v and t, the specific heats are the partial differential 
coefficients, with p and v constant, respectively. 
Again, for a small change in the gas we have 
dH = c^E + dW where E = the intrinsic energy = (/^(V.T) 

Hencethespecxficheat,or-= (^^j^+(^_)_ + P._ (20) 

This is a general equation for the specific heat of a gas. It can 
be applied to the cases already considered. 

ThusC„=(— j = (t?p) from (19) (tZV being of course zero). 

For the specific heat at constant pressure 



Hence the difference between the specific heats is 



0.-0.=lC^) +P)S (21) 
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For a perfect gas we know that PV = RT 

and that P.— = R 
d J. 

Also, it is known from Joule's porous plug experinjent, which 

will be found fuUy described in works upon Heat, that no external 

work is performed in free expansion, consequently 

dB.=d'E + 

and if E= ^(V.T), then dE = (^\ dT + f^\ dV 



UvA 



= 



Hence from (21) we have : C^, 



units, or if R is in mechanical units C„ 



/dV\ 



R in heat 



a = 



R 

T' 
Graphiccil Representation of Heat Quantities. 

Consider a given quantity of gas to expand adiabaticaUy and 
indefinitely from an initial condition as represented on the P.V. 

diagram by the co- 
ordinates of the point 
A (Fig. 4). 

The general equa- 
tion for a change of 
state is rfH = rfE -{- 
P.fA^ 

But dB. = for 
adiabatic expansion, 
for heat is neither 
given to nor sub- 
tracted from the gas. 
Hence - dE = dW 
and since the area 




D 

Volume. 

Fig. i. 



ACF between the curve AF and the pressure datum line represents 
the work done in changing from A to F, it also represents the 
intrinsic energy of the gas. 

Again, suppose the gas expands in any manner from A to B, 
then the heat added is equal to the difference between the intrinsic 
energies at B and A + external work done 

or H = E» -f W Area 

= Area (BDE - ACF) -j- ABCD 
= shaded area ABEF 
Hence the quantity of heat required for expanding tlie gas from 
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A to B is represented by the area between the two adiabatics 
through A and B. 



Heat Required 
for a Given 
Change in 
Terms of P 
and V. 

Consider again a 
small expansion 
from A to B (Fig. 5). 
If BC and AC be 
drawn parallel to 
the co-ordinate axes 
respectively then 
heat added from A to B 




M^dV- 



Volume. 
Fig. 5. 



area ACF + area BCF — area ACB. 
Now area BCF is equivalent to constant pressure change along 

CB and can be expressed as ( — ) .dY 

Similarly ACF is equivalent to constant volume change along 



AC and can be expressed as ( — ) dP 
^ \dPjv 

Hence heat added from A to B =(— - ) dV 

\aY/j, 



C^) dP in the 



limit, for ACB is of the second order and negligible in the limit. 

Other Expressions 
for the Rate of 
Heat Reception. 

Before considering 
these relations it will 
be necessary to enun- 
ciate the Second Law 
o f Thermodynamics, 
which states that : — 
For a completely re- 
versible engine work- 
ing upon a cycle 
represented by two 
adiabatics, BA and 
CD (Fig. 6), and two 
isothermals, BC and AD, the ratio of the work done to the heat 
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Volume. 
Fig. 6. 
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received during the cycle is a function of the temperature only. 
This cycle is known as the Camot cycle. 

In other words, the efficiency of an engine working upon the 
Camot cycle depends only upon the working temperatures. 

W 

Expressed in symbols ^jj^ = T|r(T) 

and by differentiation -,^- = (^(T).c^T 

xl 

If the temperatures of working are " absolute " then ^(T) = — 

^ cm dT . . , . W Ti - T, 
and . • . ^pj^ = -^ or integratmg — - — 



H T o o rp rp^ 

where T^ and T^^ are the working temperatures of the isothermals. 
We may then write the second law of thermodynamics as 



dVf B.,- H, ^^ T, - T, 



H Hi Ti 



Hi H2 






or — i = — — That is \ -y^ = for a cycle. 
Tj T2 

Heat Reception Changes, with Pressure and Volume 
Changes, at Constant Temperature. 

Next, the area of the parallelogram ABCD (Fig. 6) = twice area 
BAG 

= twice area BEC 
or W = (Pi - P,)(Vi - V,) 
W T — T T 

Now — = ^YT" ' '° *^^* ^ ^ t;^! ^^'" ^^)(^i- ^^) 

If now the cycle of operations represented by the two adiabatics 
BA and CD, and the isothermals BC and AC, be infinitesimaUy 
small, we can write the above expression as 

-(iX^Msl '-' 

The negative sign is given because H is decreasing as P increases, 
or in other words, an absorption of heat corresponds with a fall 
in pressure. 

Equation (23) gives the rate of change of heat reception with the 
pressure change at constant temperature, and may be re-written 
in the form 

Qr^aX <-) 
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Equation (23) gives an expression for the rate of change of heat 
reception with relation to volume change at constant tempera- 
ture. 

We can, alternatively to methods already dealt with, obtain 
general expressions for the difference in the two specific heats as 
follows : — 

Consider a unit mass of gas at B (Fig. 6), and let it be cooled 
down to E (at constant volume). 

The heat given up is then h = C„(Ti — T^). 

Next suppose the state of the gas be altered (at constant pres- 
sure) to F. Since F is on an adiabatic through B, no net heat 
is added or subtracted along the paths BE and EF. 

Hence heat added in change BE = — heat added along EF = h. 

Now restore the given mass of the gas to C along EC (constant 
pressure). Then heat required for change EC = heat for EF + 
heat for FC 

= ^ + H 

But this is the heat required at constant pressure = Cj,(Ti — T^) 
Then we have h=CJT^-T^) 
H + A = C^ (Ti - T,) 

• ■ • C!j, — C„ = rji rp = (T _ T )2(-^i ~ Pz)!^! ~" Va) 

In the hmit this becomes Cv - C„ = T. f^^') f^') . . (24) 

Which is the general relation between the spe-,ific heats of a gas in 
terms of temperature, pressure and volume. 
Example . — For a perfect gas. PV = RT 

/dF\ R , /(5V\ R 



Then C^\=il and C 



Hence C^ - C„ = T.A ^= R 

Thus in the case of an ideal gas the difference between the specific 
heats is always constant, and is independent of any variations 
Cj, or C„ separately. 



Variable Specific Heats ; Some Experimental Results. 

It has previously been poiated out that, although for purposes 
of calculation the specific heats of a gas are assumed to be 
constant, yet in actual gases which deviate from the ideal state, 
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expressed by Boyle's and Charles's Law, the specific heats are 
not constant. 

The experiments of Mallard and Le Chateher,* for instance, 
show that in the case of Nitrogen C„ = 0-171 + 0-0000215 T 
and of Oxygen C^ = 0-150 + 0-0000188 T 

Later values, however, pubhshed by the same experimenters 
in 1887 give rather difiPerent values for the constants,! but agree 
in the general variation of C^ with temperature. 

Again, the experiments of Holborn and Henning { on specific 
heats of gases at constant pressure show that for nitrogen 



G\ = -2350 



-000019 T 



C^j, being the mean specific heat at constant pressure between 0° 
and T" 



and for CO^ G\ = -2010 



-0000742 T - -000000018 T^ 



The results of measurements of the mean specific heats 
at constant pressure by Holborn and Austin are given in 
Table I, for the cases of steam, carbon dioxide and nitrogen, 
and are referred to the specific heat of water which is taken as 
unity. 

In Table II are given the values for the specific heat at con- 
stant pressure, for carbon dioxide at different temperatures, 
obtained by different experimenters, and in the last column is 
given the mean of these values. 



TABLE I 

Variation of Mean Specific Heats at Constant Pressure with 
Temperature (Holborn and Austin) 





Value of Mean Cp 


Temperature ° C. 










Steam 


Carbon Dioxide 


Nitrogen 




(H2O) 


CO2 


N 


110 to 280 .. . 


0-465 






110 to 200 


— 


0-217 


0-240 


110 to 400 


0-467 


0-229 


0-242 


110 to 600 .. . 


0-473 


0-240 


0-247 


110 to 800 .. . 


0-482 


0-250 


0-251 


110 to 1,000 . . . 


0-494 


0-258 


0-254 


110 to 1,200 . . . 


0-510 


0-264 


0-258 


110 to 1,400 . . . 


0-532 


0-272 


0-262 



* Recherche'a sur la Combustion des Melanges gazeux exploaifs, Paris, 1883. 
t Vide Engineering, June 27, 1902. 
J Ann d. Phys. 23, 1907, page 809. 
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TABLE II 

VAHX4TI0N OF Cj, WITH TEMPEKATtJKE FOB CO2 



Temperature °.C. 


Values of Cp 


Zangen. 


Mallard and 
Le Chatelier. 


Holbom and 
Austin. 


Mean Value. 


. . . 
100 ... 
200 ... 
400 . . 
600 . . 
800 ... 


0-1980 
0-2100 
0-2220 
0-2450 
0-2690 
0-2920 


0-1880 
0-2140 
0-2390 
0-2840 
0-3230 
0-3550 


0-2028 
0-2161 
0-2285 
0-2502 
0-2678 
0-2815 


0-1963 
0-2133 
0-2298 
0-2597 
0-2866 
0-3095 



The general form of variation of Cj, -with T takes the form 
C^ = a -+ 6T + cT2 

The variation of the specific heats with temperature have also 
been investigated for diEferent gases by Regnault, Wiedemann, 
Holbom and Austin,* and others. Experiments were also made 
by Dugald Clerk upon the products of explosion in a gas engine. 
The gases consisted of a mixture of CO 2, water vapour and air, 
and the engine was used as a pump, indicator diagrams being taken 
at the same time. The results are given in full in Clerk's own book, f 

Much valuable information upon the subject of specific heat 
variation can be obtained from the Gaseous Explosions Committee's 
Reports, 1908-1910, of the British Association for the Advance- 
ment of Science, Burhngton House, W. — the first Report, dealing 
with this part of the subject. 

The curves shown in Fig. 7 illustrate the variation of the specific 
heats, as determined by Holborn and Henning, for the gases men- 
tioned thereon. It will be observed that, instead of plotting 
specific heat, the energy per gramme molecule has been substi- 
tuted, that is, the internal energy per unit volume. This is pre- 
ferable, as in nearly all experiments of this nature the increase 
of internal energy in unit volume is measured. 

The " true " or instantaneous specific heat C is the rate of change 
of the internal energy E per unit volume with the temperature T. 
This quantity is often termed the " Thermal Capacity." 

Expressed in s jrmbols C = ■= . Where the gramme molecule 

is taken as the unit volume, E is expressed in calories, and T in 
Centigrade units. C is often termed the " Volumetric Heat." 

The volume of the gramme molecule, which is sensibly con- 
stant for all gases, is 22-25 htres at 0° C. and 760 mm. pressure, and 

* Wiss, Abhandlungen der Phys. Teckn. Eeichsanstalt, 1905. 
t The Qas, Petrol and Oil Engine (Longmans, Green & Co.). 

C 
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FiQ. 7. — ^Variation of Specific Heats at Constant Presstjbe. 
(Holborn and Henning.) 

1 calorie per gramme molecule is equivalent to 3-96 ft. lbs. per 
cub. foot. 
Referring to the curves given in Fig. 7, it will be at once seen 

that since C = j= the specific heat at any temperature is given 

by the slope of the curve. 

The internal energy curve, representing the mean values of the 
results of the more reUable experimenters, for a gas engine mixture 
consisting of 12 per cent. HjO, 5 per cent, of CO2 and 83 per cent, 
of N and 0, is shown in Fig. 7a. This curve will be found very 
useful in making temperature and pressure calculations in con- 
nexion with internal combustion engines, and as a fairly simple 



TABLE III 

Showing the Vabiations of the Volumeteic Heats and 7 with 
Tempebatuee 





100 


°c. 


600 


°C. 


1,100° 0. 




Volumetric 
Heat. 


V 


Volumetric 
Heat. 


Y 


Volumetric 
Heat. 


V 


Air . . . 


4-9 


1404 


5-2 


1-38 


5-75 


•1-345 


Steam . 


6-6 


1-30 


6-85 


1-29 


8-5 


1-24 


CO,. . . 


7-5 


1-26 


9-95 


1-20 


IM 


1-18 
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means for taking into account the variation of the specific heats 
with the temperatures. Thus if the total internal energy of a 
gaseous mixture be known, due, say, to the addition by means of 
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the heat of combustion, or otherwise, of a known quantity of heat, 
the final temperature can be obtained from the curve. 

In Table III are given some of the values for the ratio of the 
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specific heats at different temperatures for the gases mentioned 
therein. 

It will be observed that y decreases with rise of temperature 
in each case. 

Apparently the rate of increase in the specific heat of air is con- 
stant, but ia the case of steam this quantity increases as the 
temperature increases. 

It should, however, be mentioned that the results of modern 
experiments upon the variation of specific heats are not altogether 
concordant. 

It is now the usual practice to define the specific heat of a gas 
as the quantity of heat (expressed in. foot pounds) necessary to 
raise 1 cubic foot of the gas, initially atO° C. and 760 mm. pressure, 
through 1° C. 

The Volumetric Heat mentioned previously is convertible 
into the new units by the relation : — 

Specific heat in foot pounds per cub. foot = 0-252 " volumetric 

heat." 

If the specific heat of a gas in lb. ° C. units be represented by 
the letter s and 1 cubic foot weighs w lbs. 

then new specific heat in terms of foot pounds per cub. foot 

= tv.s. 1400. 

ESect of Variability of Specific Heat upon Calculations. 

In several of the equations aheady obtained, and in which the 
term y (for the ratio of the specific heats) appears, it was assumed 
that y was constant ; but as the remarks in the preceding para- 
graph show, neither of the specific heats is really constant, but 
is a function of the temperattire. 

Thus C^ = (p(T) 
and C„=/(T) 

And these expressions must be considered in calculations involv- 
ing C„ and Cj,. 

However, for all ordinary purposes the specific heats may be 
taken as being linear functions of the temperature, and can be 
written as : — 

C„ = a + M? 
and C„ = ^ + AT 
So that C^-C„=a-/9=R 

, C. a + kT 
and y =—^ = — - 

Also when T = C^ = a and C, = /3, so that y^ = — 
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As an illustration of the effect of variation in the specifio heats, 
consider the results obtained in Equation (18). 
Here we have dVi = C„.dT + V.dY 

and^=^fP + V.^UP 

But C^ = /S + CT and R = a - ;» 

Hence ^ = ^^jl + ^±^1 + V.^f^±i^\ 
dY "^X a- p] dvKa- pJ 

This expression should be compared with the result of Equation 
(18), namely : — 

dV y-lV dYJ 

When the expansion follows the law PV" = constant, we have 

dF 

v.— = — nP, and we can substitute this value in the expression 

for the rate of heat reception per unit volume. 

We then have ^ = ^° ~. "" P + -^ P(l - n) 
dV y„-l ^a-p ' 

And integrating this expression in terms of V we have 

H = y° ~ ^ f ^ ryi-n _ v,i-«) - "" ~^.k \ T.P.rfV 
n - lU - w a -^ jy^ 

Hence, knowing T in terms of P or V, the second expression 
can be integrated and a definite result obtained. 

As a further example of the application of these principles, 
consider the new adiabatic equation with variable specific heats. 

From Equation (9) we have dB. =~lc^.Y.d¥ + C^.F.dy\ 

Since along an adiabatic H = 0, 

then C„.V.rfP = - C^.V.dY 
or iP + ¥I).YdT? = - (a + ¥I).'P.dY, 

which can be written V.^- + 57f;-P = 

rfV p -\- ki. 
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The solution of this differential equation is 
PyS„Va„.e^'^ = constant 
where C,, = a„ + CT^ and C„ = ;«„ + ^Ti. 
Now when Ti = 273 we have a„ = a - 273A; 

^„ = ^ - 273fc 

So that the adiabatio law becomes 
p(^-27sw V '»2J3*) ^ST ^ constant, where e = 2-71828 the Napierian 

base. 

The effect of the varia- 
tion of specific heats 
upon the adiabatic curve 
is to make it less steep 
than when the law PV'>' = 
constant is followed, as 
shown in Pig. 8. 

Other adaptations of 
formulae, given for cases 
involving constant 
specific heats to the cases 
in which the specific 
heats vary, will no doubt 
suggest themselves to the 
reader. 



Adiabatic Curve 




Volume. 
Fig. 8. 



Variation of Specific Heats with Pressure and Volume. 

To those wishing to study the subject of specific heat variation 
with pressure and volume, the following results should prove useful. 

The total heat F of a gas is represented by the sum of its internal 
energy E and the work done in expansion P.V, that is : 

F = (E + P.V) 
Upon differentiatmg rfF = (Z(E + PV) 

= dM + P.rfV + YdV 
= cZH + V.rfP 

.(g)-v.}.P. ...e, 

This is an expression for the change of total heat, and in the 
above form aU the terms are commensurate. 

Again, when a quantity of gas changes its state from A to B, as 
represented on the PV diagram, the total heat F is independent 
of the form of the path from A toB, which, put in other words, 
means that c?(E + fv) is an exact differential. 



= C^.dT-{T.Q 
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— J = Cj, . . . (a) 

and f^J^ =V-Ty^^ (6) 

For cZF = f^) c^T + (^) .^P 
Also, since the order of differentiation is indifferent 
From (a) ^ = (^^^ ) = i'T) _ f^J) _ f^_!Y) t 

That is (^^) = - tY^) . . . (27) 

This is an expression for the variation of Cj, with the pressure, 
at constant temperature. 

We have similarly (^~^J =T.(--^^j for the specific heat at 

constant volume. 

The Characteristic Equation of a Gas. 

Experiments* made upon gases under widely varying conditions 
of temperature, pressure and volume, conclusively prove that no 
gas obeys either Boyle's or Charles's law exactly. 

The deviations of the physical properties of the real gas (or 
substance) from the ideal state may be conveniently expressed 
by means of an equation, in terms of the pressure, volume and 
temperature. 

The equation expressing the relation between these quantities 
for the actual gas or substance is known as the " Characteristic 
Equation " of the gas or substance. 

From the characteristic equation of any gas the expressions for 
the quantities considered in the preceding pages can be readily 
obtained. 

As an example of this, it would be an instructive exercise to 

assume the modified form of Boyle's and Charles's law to be 

T-tT /T \" 

V - 6 = — - c where C = Cj (^^) and C^.Q = (n + l)c - b. 

This form takes into account the discrepancies existing be- 
tween the actual and the ideal states of a gas ; the relation 

C, = Cj,„ + = is then readily obtained by the preceding 

methods. 

* Vide researches of Regnault, Amagat, Andrews and Dewar. 
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Many other interesting results can be obtained by the use of 
the above characteristic equation, such as the ratio of the specific 
heats, the intrinsic energy, etc. 

Calculation of the Gas Constant. 

In the equation P.V = R.T it is frequently necessary to know 
the value of the constant R for calculation purposes, and hence 
it will be interesting here to consider the meaning of this constant. 

From the above equation we have 

P.fZV = R.c^T at constant pressure 

, T3 P.dV Work done 

and R = — — — = = ; 

dT Temperature change 

from which it follows that we can define R as being the work done 
when unit mass of gas is heated through 1° change of temperature 
at constant pressure. 

Now PV = P<,V„(1 + aTi) from Boyle's and Charles's laws 
for any scale of temperature ; on the absolute scale, 

where T = - + T^, and also since P.V = R.T 
a 

then R = P^V„a 

Next consider two gases with densities q and q^ and let 
m, m^ be their respective molecular weights, then we know from 

Avagadro's law that g^m = gm^ or — = — (for the product of 

the molecular weight by the volume is constant for all gases). 

Hence P.V = P„. V<,.a.T = a.P„(mV„) .— = X. - where 

m m 

X = Po(Vo m)a. This value X is called the " absolute gas constant." 
Knowing X and the molecular weight for any gas we can 
P.V _ X . T _ X 
calculate R. Thus R = "^^ 'T 'm~ln 

As an example, the calculation of R for hydrogen works out as 
foUows : — 

X=a.P„V„.m=a-.P„.^ 

Qo 

For hydrogen the density of 0° C. is -0000899 and P„ or the 
atmospheric pressure at 0° C. = 1-0333 kilograms per sq. cm. 

= 10-13600 dynes per sq. cm. 
multiplying by g' = 981 in C.G.S. units. 
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Substituting in X = a.P^.V^.m = a.P„ — 

Y 1 1013600 „„° ^^,, 

-A- = 7-— r.— = 826 X 10" dynes per sq. cm. 

273 -0000899 J if ^ 

This result can be expressed in various ways, but generally for 

practical purposes we require to know X in lbs. per square foot ° C. 

So that X = 8-42 x 10^ Idlog. per sq. cm. 

= 29800 lbs. per sq. inch (° C. and cubic inch units) 

= 2772 lbs. per sq. foot (° C. and cubic feet units). 

For the purposes of calculation it is convenient to remember that 

the pressure 1 atmosphere =2116 lbs. per sq. foot, and that 1 

cub. foot of air weighs -0807 lbs. at 0° C. and ordinary atmospheric 

pressure. 

Calculation of Gas Constant for Mixtures of Gases. 

In calculations referring to internal combustion engines, we have to 
deal with mixtures of gases instead of a single gas, and it is there- 
fore necessary to know the value of the gas constant in such cases. 

Let masses Mj and Ma of gases be at respective pressures Pj 
and Pa when each occupy volume V. 

, p^-y^ _ lyj^^Ti^rpfthe temperature being assumed constant. 

Let the gases mix, and occupy volume V at a final pressure P 

Then V(Pi + Pa) = T{MiRi + M^Ra) = V.P. 
Now if V = the volume of unit mass of the mixture or " the 
specific volume of the mixture " 

_ V _MiRi + MaRa T 

'" ^ Mi + Ma Mi + Ma ' P 

MjRi + MaRaT. PIT. 

Hence P.. = ^^^^^ .T = R^T 

, ^ MiR, + MaRa 

So that R^ the new gas constant = — — 

For a mixture of several gases, 

New gas constant R = — _,-^ 

Example. — To find the value of the gas constant for air. Air 
consists of 76-44 per cent, by weight of nitrogen and 23-56 per 
cent, of oxygen ^nd R„^g,„ = 48-6 



IQ-AA X 55-1 + 23-56 X 48-6 

loo 

per 1° Fah. 



Hence R^u. = ^^^ = 53-57 foot-pounds 
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Specific Heats of a Gaseous Mixture. 

It occasionally happens that the specific heats of a gaseous 
mixture is required for calculation purposes. If the percentage com- 
position of the mixture be kaown, and the specific heats of the con- 
stituents, then it is a simple matter to find the required specific heats. 

If Mj, M2, M3, etc., be the weights of the constituent gases, and 
iCj,, aCj,, aCj,, etc., be their respective specific heats at constant 
pressure, then the specific heat Cj, of the mixture is given by 

^ _ Wi.iCj, + m,2.^Gj,2 + ma-aCp + etc. 
" mi + wij + W3 + etc. 



Em 
Similarly C,, = „ " for the specific heat of the mixture at 

constant volume. 

If the composition of the gases in an iaternal combustion engine 
be known, at any moment, and the specific heats at the given 
temperature of the gases, the above principle may be applied to 
find the specific heat of the mixture at the given moment and 
temperature. It must be remembered that the specific heats will 
vary with the temperature and composition of the gases. 

As an example, consider the products of combustion in an internal 
combustion engine to consist as follows : — 

CO 2 = 9-4 volumes. 
N = 75-0 
(steam) HgO = 15-6 ,, 

Multipljdng by the densities, ia order to obtain the weights : — 

CO2 =9-4 X -1238 =1-162 

N = 75 X -0786 = 5-900 

H2O = 15-6 X -0502 = -785 

The specific heats at constant volume expressed in foot-poimds 
per pound ° C. are : CO2 = 239, N= 242 andsteam=511. 

Hence the specific heat of the products of combustion will be 
given by 

1-162 X 239 + 5-900 x 242 + -785 X 511 



C. 



1-162 + 5-900 + -785 
: 256 foot-pounds per lb. ° C. 



7-847 

Similarly the value of Cj, for the products can be estimated. 
The values of the specific heats must be taken at the actual 
temperatm-es of the gases for correct calculation purposes. 
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Gas Constants. 

In the application of the preceding thermodjmiamical results 
the proper units and symbols must be utilized in. order to obtain, 
the correct results in practice, so a few remarks will here be made 
in regard to some of the physical constants of the gases. 

It not infrequently happens that in thermodynamic equations 
both heat and work units occur, so that for an intelligent inter- 
pretation of the results either the heat units must be multiplied 
by Joule's Equivalent (J = 778 Fah. imits), or the work units 
divided by this quantity. 

Thus in the general equation already treated 

dH = C.f^T + P.rfV (18) 

This, expressed throughout in heat units, must be written 

dK = G^dT + — .P.dY 
J 

and so with other applications. 

Again, in the treatment of the variation of specific heats it may 
have been noticed that several units were employed in which to 
express the specific heat, so that some further explanation may 
assist in rendering the meaning of these units clearer. 

We know that C,, - C„ = R 

and _*=-); 

so that C„ - C„ = C,(y - 1) = R = ^ 

Where q^ = density of the gas, p^ = initial pressure, 
that is Q„G^{y - 1) =ap„ 

orC,= ""P" andC,= >^-"^° 

Hence Cj, and C^ can be calculated in any units by choosing a, 
p^ and Q in the same units. 

As an example, suppose we wish to find the specific heat of the 
gases used in a gas engine in foot-pounds per cub. foot ° C. units. 

In this case the ratio of specific heats y =1-2. 

Then C^ per unit volume = p(C^ per unit mass) 

Ar,ri nP "^o - 1 2116 Ibs. per sq. foot 

^^^■^■'-yzii-Wi^ Ta^Ti 

= 38-7 foot-pounds per cub. foot. 

It often happens in gas calculations that we require the specific 
heats of unit volumes of gases. Let g = density of the gas, or 
the weight per unit volume. 

Then specific heat per unit volume = p. (specific heat per unit 
mass). 
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Hence C/ = ^C^ 

where C^^ and Cj,^ are the specific heats of unit volumes. 

Now if the molecular weight of a gas be m, the volume of m 
grammes of the gas is sometimes taken as the unit. This unit 
is called the gramme molecule, and is very nearly constant for 
all gases, as would be expected from Avagadro's law. 

In Table IV the value of the gramme molecule for different gases 
is given. 

TABLE IV 





Gas. 


Volume in Litres of the Gramme Molecule. 


Hj . 




22-24 


N2 . . 




22-28 


O2 . . 




22-22 


CO . . 




22-21 


CO2 . 




22-08 



From this table it will be seen that the volume of the gramme 
molecule is nearly constant. 

As was mentioned earlier, when the specific heat of the gramme 
molecule is taken, it is called the " Volumetric Heat." 

If the specific heat in foot-pounds per cub. foot be the unit, 
and it is required to convert into calories per gramme molecule, 
we have the relation : — 

Calories per gramme molecule =3-96 specific heat in foot-pounds 

per cub. foot. 

The gramme-molecule units have been suggested as the ideal 
units in the Gaseous Explosions Committee's Report, 1908. 

As an example of the use of these units, the value of the gas 
constant R will be found in terms of the gramme-molecule units. 

R = C„(y - 1) =^^. [See page 24.J 

_ 1013600 X 22-25 X 1000 

273 X 4-19 X 10' 
= 1-98 C.G.S. units in gramme molecules 

where J = 4-19 x 10' in C.G.S. units and V. = — 

In foot-poimds per cub. foot units 

R = 1-98 x 3-96 = 7-75, a value derived from 

R =-?-? = lbs. per sq. foot 

g 273 ^ -1 

= 7-75 
For calculation purposes the following tables of Physical Con- 
stants of Gases have been compiled, and will be found useful in 
quickly expressing results in any of the usual units. 



THERMODYNAMICS OF THE ENGINE 



29 





"S o „ 
















■* 




®<a K 


<M 







(N 


t- 










o"3 ca ~ 


-^ 


f 


"^ 


■^ 


N 


CO 


"^ 




|.-« 


■"• 


^ 


fM 


p— 1 


I-H 


I-H 


rH 


+i 












* 








•*H 


d 


*? 


■* 


I-H 


t^ 


CO 


t^ 


IN 




1 




00 


ro 


OS 


CO 


Ci 


10 


OS 




iH 


i-H 




I-H 


n-C 


eq 


(M 


""* 


















1 


1 


;x4 





CO 


CO 


-^ 


# 


CO 


l> 


13 


-«A 




6 


6 


6 


6 


CD 


"^ 


6 


1 


1 


iH 






rH 


1— 1 


'^ 


' ' 


I-H 














* 

C32 










CO 


i> 


(M 


(M 


^^ 


t- 


A 


d 


CO 




Tt< 


tH 


ffO 




CO 








CO 


eq 


cq 


IM 


(M 


10 


IM 




s 


















U 


ft 




CO 














"ea 


oi 


































1 


^ 




10 


^ 


w 


10 


# 


Tt( 


(M 




G=; 


IT- 


(N 


CO 


CO 


CO 


00 


00 


M 


g 




CO 


I-H 




''-i 


I-H 


M 


rH 


o 


l§ 


i-H 


^ 














s 




















o 












~* 






Pi 


^ 6° 


CO 00 


Oi 


»c 


10 


CD 


as 


00 


oa 


-L 


TlH 


c^ 


cq 




(M 







a>a|°o 


-§ 


«> 


t^ 


t^ 


t^ 


<a 


t^ 




H ftg-u 


X^ 










I-H 






as 
















.sa'3^" 


■— 1 





>r3 


CO 


* 


CO 


00 




gSgiis 


op 


02 


GO 


CO 


>o 


10 


CO 




siV- 


■* 


■* 


'^ 


-^ 


t-- 


CO 


4i 






























~* 








u 


CD 


VO 


Ir- 


CO 


I-H 


10 


<35 




^rt 





10 


r- 


Ir- 


r- 


CO 


CD 




« 11 


■^ 






r-^ 


■ — 1 


CO 


1 — 1 




^ 


<N 


6 


6 


6 


6 


6 


6 


S45" 




>o 


CD 


CO 


00 


M 







ft*" 


to 


<j> 


00 


t^ 


CO 









m'xi 


fM 


00 


t~- 


ir- 


(N 


uo 


00 




Sa 


p 


p 


p 


p 




p 


p 


i 


Hi" 




















t- 


^ 


■* 


00 


I-H 


>o 


43£ 


CO 




I^- 


p 





p 


CO 




,2 tH 


00 




(N 


<N 


00 


oa 


M 


i 


ga 


Ir- 


'~* 


I-H 


1— i 




^ 


^ 


















c- 


s "! 


CD 


« 


CD 


10 


l> 


10 


C5 




Ci 


-■* 


(M 


CN 


as 





(N 


o 




CO 










00 






M ^ 




c^ 





« 


M 


o^ 


c^ 


o 


0^ 


9" 








p 


p 


=> 


p 


ed 




































>> 


>. 






CO 





CO 





CD 


00 


i3 




(M 




05 





p 


p 


p 


00 


i 


'S 


tn 


(M 


^ 


00 


t^ 


CO 


C^ 


00 


Q 







« 


(M 


(M 


Tti 


'"' 


(M 




ro 
















ca 




01 


CO 




10 


Oi 


(M 









II 


CD 





l> 


10 


(N 


(M 







tc 


M 





(— I 


p 


01 


19 


p 


p 




^ 





■^ 


6 


6 


-^ 





I-H 











• 




• 


? 










. 




, 




cS 









d 










® 
















-♦^ 






§ 


® 




fl 






-S 






bo 


t^ 















eS 





<f 


tic 






u 






Iz; 




-a 


1 


















U 



o 






.5 T3 
C 

* i 



3 



O 



30 



HIGH SPEED INTERNAL COMBUSTION ENGINES 



TABLE VI 

The Speoipio Heats of Gases 

In the table below the specific heats of the ordinary gases are given, and 
are expressed in lb. ° C. units at normal pressure and temperature. 









Spaciflc Heat ■Water=l. 


B 
(= Cj^C.) 


Cp 

c;=v 


Name of Gas. 








At Constant 


At Constant 




Pressure. 


Volume. 






Hydrogen 


3-4090 


2-4060 


1-0030 


1-417 


Oxygen . 






0-2175 


0-155 


-062 


1-401 


Nitrogen 






0-2438 


0-173 


•071 


1407 


CO . . 






0-245 


0-173 


-072 


b418 


CO2 . . 






0-217 


0-171 


-046 


1-270 


Air . . 






0-2374 


0-169 


-068 


1-405 


Steam gas 






0-475 


0-365 


■110 


1-300 


Marsh gas 






0-593 


0-467 


■126 


1-270 


Ethylene 






0-404 


0-332 


■072 


1-217 



Ideal Thermodynamical Cycles applicable to Internal 
Combustion Engines. 

In practical heat engine cycles of operation for the purpose of 
comparing the actual working of the engine with that of other 
engines, it is necessary to have some ideal standard of comparison. 
In steam engine practice, the two usual cycles of operation used 
for comparison purposes are the Rankine (or Clausius) and the 
Camot cycles. 

It is possible to compare the working of a steam engine with 
the theoretical working on the above ideal cycles by knowing the 
temperature limits, pressures, etc., of the actual case, and to thus 
express the relative efficiency of the actual and the ideal per- 
formances. 

In internal combustion engine practice a similar mode of com- 
parison is adopted, but the ideal cycles are not usually the same . 
as for steam-engine work. 

There are three possible cycles of operation of the working gas 
in combustion engines, namely : — 

(1) The Constant Temperature or the Carnot Cycle. 

(2) The Constant Volume or the Otto Cycle. 

(3) The Constant Pressure or " Diesel " Cycle. 
These ideal cycles will be dealt with in order. 
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'^-^'^/D 



Volume. 
Fig. 9. — The Caknot Cycle. 



(1) The Garnot, or Constant Temperature Cycle. 

This cycle of operations, performed upon a given mass of work- 
ing substance, iaitially in a condition represented by the co- 
ordinates of the point D (Fig. 9) consist as follows : — 

(a) Isothermal compres- 
sion at constant 
temperature Tg 
along DA according 
to the relation 
P V = P V = 
R.T^. 

(6) Adiabatic compres- 
sion along AB from 
volume V^ to vol- 
ume Vg according 
to the relation 
P.V=P^VJ, the 
temperature increas- 
ing to Tj. 

(c) Isothermal expansion 

along BC at constant temperature Tj according to the 
relation P^V^ = P„V„ = R.Tj. 

{d) Adiabatic expansion along CD to the initial temperature 
Tj according to the relation PoVj = V^^. 

As an application of the principles of thermodynamics, and as 
a test of the suitability of the Carnot cycle to practical purposes, 
it will be interesting to study it in some detail. 

Let V^, Vg, etc., represent the volumes of the gaseous mixtures 
at A, B, etc., P^, P^, etc., the corresponding pressures, and T^^, T^, 
etc., the corresponding temperatures. 

Then for the adiabatic compression AB we have from Equation 
12:— 

T, \nJ Vv„ I 

V V 

so that -1^ = -J? 

V V 

' B 'C 

Now during this cycle, heat is only absorbed along the isothermal 

BC, and rejected during the isothermal compression line DA. 

V 
That is, heat absorbed along BC = Hj = R.Tj log 



And heat rejected along DA = Hj = R.Tg log 



Vb 

V. 
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Hence the Efficiency of the Cycle which is given by : — 
Heat absorbed — heat rejected Hj — Hj 



Heat absorbed Hj 

= B.T.log^.-B.T.log^ ^^_^^ ^^ 

V V 

Let the " ratio of expansion " r = ■— = =^ 

/l\v-i 
Then the Efftciency of the Camot Cycle = 1 — ( — 1 . (28) 

From these results it follows that the efficiency depends upon 
the initial and final temperatures (Tj and Tj) of the gas, and further 

V 

that the greater the expansion ratio =r^ = r the more efficient will 

^B 

the cycle become. If the gas could be expanded and compressed 
isothermaUy and iudefinitely, the efficiency would be unity, for 

/1\V-1 

the expression 1 — ( — ) becomes umty where r = <x> 

The temperatures and pressures at the points A, B, C, and D 
can be calculated by methods already given, for example : — 

the work done during the cycle = Hj — Hj = R(Ti — Tj) log, ( — \ 

The practical employment of the Carnot Cycle is, however, 
impossible, as reference to Mg. 10 will show. This diagram, which 
is drawn to scale, represents an actual example worked out by 
Dugald Clerk * for the case of air working upon the Carnot or 
Constant Temperature Cycle, with the following data : — 

Initial temperature before adiabatic com- 
pression 17° C. or 290° absolute 

Initial pressure before adiabatic com- 
pression 14-7 lbs. per sq. inch 

Isothermal temperature during expansion 806° absolute 

Ratio of expansion r 12-24 

* The Oas, Petrol and Oil Engine, Dugald Clerk. 
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V12-24 



)" 



= 0-64 



It was found that the maximum pressure reached during adiabatic 
compression was 500 lbs. per sq. inch absolute, and the mean 
pressure was 6 lbs. per sq. inch. 

The efficiency E = 1 — i- 

These results 
clearly indicate the 
impracticabUity of 
this type of cycle, 
for with a compres- 
sion pressure of 
500 lbs. per sq. 
inch, and a ratio 
of expansion of 
12-24, the engine 
would have to be 
made exceedingly 
heavy and unduly 
long, whilst the 
diminutive power 
which would theo- 
retically be devel- 
oped is represented 
by the M.E.P. of 
6 lbs. per sq. inch. 

C 



ATM 



Fig. 10.- 




-The Caknot Cycle fob an Actual 
Case. 




(2) 



Fig. 11. — The Otto ob Constant 
Volume Cycle. 



The " Otto " or Con- 
stant Volume Cycle. 

This cycle of working 
changes is represented in 
Fig. 11, and consists of: — 

(a) Adiabatic compression of 
gas initiaUy at A to B 
from volume V^ to Vg, 
according to the rela- 
tion P,V/ = P3V3V. 

(6) Addition of heat at con- 
stant volume Vg, and 
with rising tempera- 
ture and pressure from 
B to C. 

(c) Adiabatic expansion 
along CD to D, where 
P V v = P V T. 
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{d) Rejection of heat at constant volume from D to A, with 
falling temperature and pressure. 

This is sensibly the cycle of operation employed in ordinary 
petrol, oil and gas engines, and hence a complete study of the 
changes occurring is important. 

V V 

We have here -rr^ = tt? = *■' 

P /V \y 

Also for the adiabatic ^ = l^) = ry 

^i B 

So that P3 = V^.ry 

Again we have for the adiabatic AB, sr = (^ ) =ry '^ 

(from Equation 11). 

That is, Tg = T^.r^-i 

Now the only heat added during the cycle is during the change 
BC, and the only heat rejected is along DA. 

Hence heat absorbed along BC = Hj = C„(T(, — T^) 
Hence heat rejected along DA = H2 = C„(T„ — T^) 
So that the Efficiency 

_ H, -H, _ T, -T3-T„+T, _, _ T, - T, 
Hi Eg T„ — T3 T„ — Tg 

But since ^ = rv-i = -2 

rp m rp rp m 

Then :!^ = :!^ or " ' " 



Tb T^ T„-T, T^ 

T / 1 \^ 

So that the efficiency = 1 — ~ =^ — I — ) 



(29) 



This expression is similar to that obtained in the case of the 
Camot cycle. 

Upon investigation it will be seen that the efficiency depends 
upon the temperature at the commencement and end of the com- 
pression strokes ; expressed in another way, the efficiency depends 
upon the compression ratio r. 

The results of tests upon internal combustion engines are now 
generally compared with the ideal performance of a quantity of 
air working upon the same Otto cycle, and under the same con- 
ditions of compression, etc. 

The Air Standard EffiGiency, as it is called, is given by 

E^jj, = 1 — f — j , [since (7 — 1) for air = 04 08] and the results 
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obtained by the use of this formula have been plotted in Fig. 12, 
showing the ideal efficiency E^^^ at different compression ratios. 

A theoretical example of an Otto cycle, due to Dugald Clerk, 
shown in Fig. 13, represents an internal combustion engine working 
under the following physical conditions : — 

Initial temperature before) ,_o^ ^.,^,^o i i , 
J- , .■ ■ \ = 17° C. or 290° absolute 

adiabatic compression. J 

Final temperature after ) ^^,^o ^ , i , 
J. , ,. . r = 559 C. absolute 

adiabatic compression. ) 
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Values on i 



Fig. 12. — Curve of Aie Stand abd Efficiencies fok Diffbkent 
compbessions. 



Temperature after explosion = 1973° C. absolute 
Temperature at commence- ) _i/^5,oop 

ment of exhaust . . J 
The pressure of explosion = 500 lbs. per sq. inch absolute. 

The value of r is 6. 

The results of this cycle of operations are : — 

Mean pressure 105 lbs. per sq. inch 

Compression pressure .... 141-8 „ ,, 

Pressure at exhaust .... 51-8 ,, ,, 

, I \ 0-408 

Efficiency =1 "(g-j =0-48 
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In practical cases the expansion from the maximum pressure 
is not continued down to atmospheric as the small gain in the effec- 
tive pressure (as represented by 
the increased area due to the 
" toe " of the diagram) is more 
than counteracted by the in- 
creased size and weight of the 
engine. 

In a later chapter further 
reference will be made to actual 
utUity of the Otto cycle of 
operations in practice, and also 
to its hmitations. 



(3) The Constant Pressure 
Cycle. 

This cycle, which is approxi- 
mately followed in Diesel 
engines, and which may even- 
tually be apphed to hghter 
motor-car engine practice, 
consists of two adiabatic opera- 
pressure ones. The sequence of opera- 
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Volumes. 
1.3. — Constant Volume Cycle 

FOR AlB. 



tions and two constant 
tions, as shown in Fig. 14, is : 

(o) Adiabatic compression along AB, here Pa-V^t= Pb-^b^- 
(h) Expansion at con- 
stant pressure, 
with increasing 
temperature 
along BC. 

(c) Adiabatic expan- 
sion along AC 
where Pq.Vj = 
P N y. 

(d) Compression .| [a t 

constant pres- 
sure, with 
decreasing tem- 
perature along 
DA to initial 
volume at A. 







Fig. 14.- 



Volume. 
-The Constant Peessuee Cycle 



In this case, as in the Otto cycle, we have : — 

Heat absorbed along BC = H^ = C^(T^ - T^) 
Heat rejected along DA = H^ = Cp(T„ - T^) 
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Whence Efficiency = 






T — T + T 



T 
= 1 -:i^ 
T 



This follows since ~ 



and 



T. 



as before 



(^:)'"' - 



yY- 



It will be noticed that, as in the previous cases, the efficiency 
depends upon the temperatures before and after compression, that 
is, upon the compression ratio. 

An example of this cycle, also due to Dugald Clerk, is shown in 
Fig. 15, with the following data and results : — 

Temperature before adiabatic compression 

Temperature after adiabatic compression 

Temperature at end of expansion at con- ] 
stant pressure . 

Temperature at end of adiabatic expansion 

The maximum pressure 
of adiabatic compression 
^ 500 lbs. per sq. inch. 

The pressure at end of 
adiabatic expansion = 
51 -8 lbs. per sq. inch. 

Mean pressure during 
cycle = 117 lbs. per sq. 



290° C. 


absolute 


806° C. 


3> 


1973° C. 


)' 


1023° C. 





400 



inch. 

The ratio of ex- 
pansion = 5 
The efficiency of 
cycle = 0-56. 
In the cycle illustrated 
the expansion has not 
been continued down to 
atmospheric pressure, for 
the reasons assigned in 
the case of the Otto 
cycle ; the theoretical 
efficiency of the cycle would be 0-64 if the expansion were so 
continued. 

The effect of cutting off the " toe " of the diagram is to give a 
greater mean effective pressure, and so more power for an equal 
engine weight. The actual M.E.P. when expansion takes place 
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down to atmospheric pressure is 56 lbs. per sq. inch, as compared 
with the 117 lbs. given above. 

This type of cycle is followed closely in practice, and the above 
results represent a possible case, with the exception, of course, that 
although the pressures and temperatures realized are approxi- 
mately as stated, yet the efficiency is not so high. Actually, how- 
ever, engines working upon this cycle show a much better efficiency, 
and therefore greater fuel economy, than when working upon any 
of the other cycles mentioned. 

It is not outside the bounds of possibility to suppose that some 
more efficient cycle may be evolved in the future ; but whatever 
form may be suggested, an analysis can be made on the foregoing 
lines and comparisons made. 

Comparison of the Theoretical Cycles. 

If we consider the three cycles previously dealt with in detail, 

the constant temperature, constant volume, and constant pressure 

cycles, it is evident from the similarity of the expressions for the 

/ 1 \v-i 
efficiencies, namely E = 1 — ( — ) that each of these cycles is 

capable of yielding efficiencies depending entirely upon the degree 
of adiabatic compression. 

The constant temperature cycle, as already demonstrated, is 
practically impossible, as its appHcation would necessitate exceed- 
ingly great expansion and very high compression pressure, and 
at the best would only yield low effective pressures for useful 
work. 

Hence the two remaining cycles are those of chief interest to 
internal combustion engineers ; and in regard to these, it must be 
remembered, as will be pointed out later in the practical app ica- 
tion of these cycles, that the compression pressure employable is 
limited by the available maximum temperature. It is quite 
possible to attain the predetermined (and fixed) maximum 
temperature by adiabatic compression alone, in which case the 
conditions will be limited accordingly. 

Remembering the Hmitations, the constant pressure cycle would 
be the approp.iate one for internal combustion engines, but extended 
reference to this will be made later. 

As a point of interest, a comparison of the constant volume and 
constant pressure cycles is given in Fig. 16. 

The two cycles of operation as applied to the case of pure 
air obeying the ideal gas laws of Boyle and Charles, and for which 
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/ I V -404 

y = 1404 and E = l— ( — 1 were calculated for cases of equal 

compressions and for the same maximum temperatures. 

The constant pressure cycle is shown shaded. 

In the case of the " Otto " or constant volume cycle the com- 
pression ratio r = 5, and for the other cycle the compression ratio 
is the same. 
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Table VII illustrates the results obtained. 
TABLE VII 



Compression pressiire 
Maximum pressure . 
Mean pressure 
Terminal pressure 
Efficiency 
Maximum temperature . 
Initial temperature before adiabatio 
compression 



290° 



Constant Pressure. 


Constant Volume. 


142 


142 


142 


500 


37 


105 


14-7 


51-8 


0-48 


0-48 


1,970° abs. C. 


1,970° abs. C. 



290° 



It will be seen that in both cases E = 1 — ( -— 



^1 



0-48 



and that the compression pressures are the same. 

In the constant volume cycle the ratio of maximum to mean 
pressure is 4-6, whereas in the constant pressure cycle this ratio 
is 3-8, so that in the latter case the range of stresses is smaller ; 
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at the same time it will be noticed that it requires a volume for 
its operation equal to three-and-a-half times the initial volume 
required in the case of the constant volume cycle. 

The efficiencies being equal, the question as to which is the more 
suitable type of cycle resolves itself into one of practical con- 
venience. 

These two cycles are of paramount importance in practice, and 
each is adapted to its own pectiliar uses ; for example, in one case 
the relatively greater fuel economy of the constant pressure cycle 
may be of primary importance, whereas weight and space may be 
of a secondary interest, and conversely for the other case. 

In the foregoing treatment of the three possible cycles adaptable 
to internal combustion engines, it is necessary to emphasize the 
fact that the working gas in all cases has been pure dry air obeying 
the ideal conditions, and that the ratio of its specific heats has been 
taken as being of constant value 1404. 

Efiect of Variable Specific Heats upon Stcindard Cycle 
Efficiencies. 

The effect of the variability of the specific heats has been dis- 
regarded for the pvu-poses of the comparison of the cycles, with a 
view to avoiding unnecessary complications in the treatment. 

It is now of some interest to study the effect of the specific heat 
variation by comparing the ideal air standard cycle, for which the 
specific heats are assumed invariable, with the case in which the 
working gas (or gases) have specific heats which increase as the 
temperature increases, similar in fact to what actually occurs in 
practice in internal combustion engines. 

In the ideal air standard cycle the efficiency, and therefore the 
work done, as represented by the area of the P.V. diagram, will 
depend upon the compression ratio, and this efficiency will not vary 
with the heat suppHed per stroke. 

In the variable specific heat case the efficiency will also vary 
with the compression ratio in nearly the same way, and in addition 
wiU vary with the heat supplied per stroke, but will be always less 
than the air standard efficiency. 

Let H = heat supplied to an ideal engine (constant volume C3'cle) 
C„ = mean specific heat (constant volume) between t and T^ 
M = mass of gas 

T = temperature at end of compression stroke 
and T^ = maximum temperature attained 

TiienT„=JL+T (30) 
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Next consider the case when the specific heat follows a linear 
law of increase, with temperature, such as C^ = C„ + 6.T. 

For this purpose it is necessary to know the mean value of C„ 
between the initial temperature t and some other final temperature 







Equation Cv 


-(i>(t)y 




B 


/ 


A 


v,^ 








t 




£ 



Temperature. 
Fig. 17. — ^Method of Determininq Mean SpEciric Heats. 

t^ ; this is done by taking the mean height of the curve (Fig. 17), 
the method employed being a general one. 



The mean height 



area I 

L Jt 



for C„ ^ 
-^ = \ (C 



Ti 

,c^T 



Substituting C„ + 6T for C„ we have :- 
Mean value C„ = ^-v^\ (C<, + 6T)fZT 

h 

h 



= a 



-(Ti+T) 



H 



T(31) 



Hence maximum temperature! 

attained during cycle I ~^V^^ ^ l(Ti+T)1 

This temperature is evidently less than that attained under the 
conditions represented by Equation 30. 
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It will be seen, that since the maximum temperature attained 
before adiabatic expansion is lower in the second case, the work 
done during the cycle for a given heat supply H will be less, and 
hence the efSciency will be lower than in the ideal case. 

Fig. 18 has been 
drawn to illustrate 
the difference in the 
theoretical diagrams 
between the air 
standard cycle and a 
variable specific heat 
cycle, working with 
the same compres- 
sion ratios, volumes 
and masses of gas. 

It will be noticed 
that the second cycle 
only attains a tem- 
perature of 2,000°C., 
whereas the ideal one 
reaches 3,070° C. 
The following table 
also shows the differenoe.betweenthetwo cycles and is based upon 
the results of actual calculations made upon the above assumptions. 
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TABLE VIII 



Cycle. 


Efficiency. 


Mean 
Pressure. 


Maximum 
Pressure. 


Maximum 
Temperature. 


Ideal air cycle .... 

Ideal variable specific heat 

cycle ... . . 


•463 
•356 


153 
118 


620 
447 


3,070° C. 
2,000° C. 



The above results can be arrived at mathematically by the 
method employed for deducing the expression for the efficiency 
of the constant volume cycle (p. 33). 

Here we had (a) heat absorbed along BC, Hj = C^(Tp — T^) 
and (&) heat rejected along DA, Hj = C^iTj, - T^). 

Instead of C„, we must now write C„ + (T^ + T,,) in (a), and 



Co + 2-(T. + TJ in (6). 



E, 



THERMODYNAMICS OF THE ENGINE 43 

In terms of temperatures the new efficiency E^ will be 

(T„ - T3) ||C„ +1(T„ + T,) J - (T„ - TJ |^C„ +,|-(T„ + TJ J 



(To-T,)[c„+l(T, + T3)J 



By combining this result with the new adiabatic law given on 
p. 5, the efficiency can be expressed in terms of T^, and T^ only, 
and becomes 

E, = eTi -(1 - E).K.^5-i^~| 

where E is the efficiency of the ideal air cycle with constant specific 
heat, and K a constant depending upon the manner of variation of 
the specific heat with the temperature, that is upon the constants 
in the relation C^ = C„ + 6.T. 

In actual cases worked out upon the above assumptions it will 
be found that roughly speaking the efficiency decreases by about 
1 per cent, when the specific heat increases by 2 per cent. 

Entropy. 

It is often useful and convenient to denote isothermal and 
adiabatic changes, not upon the pressure-volume diagram, (a method 
adopted in the present book up to this stage), but upon what is 
called a T— 9? or Temperature-Entropy diagram. For pressure 
volume changes, however, the P.V diagram is generally the more 
convenient. 

The Entropy* of a given quantity of any substance is name given 
to the ratio of the total heat of the substance divided by its absolute 
temperature. 

Entropy is usually denoted by the symbol 95. f 

Thus ffi = - 

If the substance receives or rejects heat it is said to alter its 
entropy ; thus if a small quantity of heat dK be given to or taken 
from a given quantity, of a substance at an absolute temperature 

T, the small change of entropy is denoted by dcp = -=- 

The total entropy change for any thermodynamic operation is 
given by the integral between the previously determined tempera- 
ture limits, MH 
Thus 9= JY- 

* First instituted by Clausius. 

t Bankine in The Steam Engine terms <p the " Thermodynamic Function." 
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It should be remembered in all entropy calculations that H 
represents the total heat of the substance ; thus in the case of a 
vapour, Ji =h + I, where h is the heat required to raise the tem- 
perature of the liquid to the evaporation point, and I is the latent 
heat of evaporation for the liquid. 

In calculations it is convenient to have a datum from which to 
calculate the entropy, such as the freezing point of water or the 
absolute zero of temperature (— 273°C. or — 461° Fah.), and 
further it is usual to calculate the entropy per unit mass of the gas 
(or working substance). 

The application of the notion of entropy to problems connected with 
the steam engine has proved very successful in solving in a very simple 
manner otherwise complicated problems, and students of steam 
engineering have become quite familiar with conceptions of entropy — 
and realize the importance thereof — but in internal combustion 
engine work, beyond a mere reference to entropy in the case of air- 
standard ideal cycles, its employment has hitherto been restricted. 

In the case of an adiabatic change, heat is neither added to nor 
subtracted from the gas, so that (3H = 0, and hence the entropy 
does not change during an adiabatic process. 

The second law of thermodynamics (p. 13) "can be re-written 

-— - = for a completely reversible cycle, that is, the entropy 
-L 

as well as the pressure, 
volume and temperature 
of the working substance 
returns to its initial value 
after the completion of a 
cycle of changes. 

An example of a P.V 
diagram for the Camot 
type of cycle ABCD, con- 
sisting of two adiabatics 
and two isothermals at T^ 
and T ^ respectively, is given 
in Fig. 19. The conversion 

Volume. *° ^ '^'f <^*g^*™ requires 

the following process. 
Let heat Hj be the heat 



to 

QJ 




Fig. 19. 



taken in during the isothermal expansion AB 
and H2 the heat given out along CD. 

XT 

Then — ^ = gain of entropy along AB 
^ 1 
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XT 

and — ? = loss of entropy along CD. 

J- 9. 



Hi Ha 



But from the second law of thermodynamics -=^ = -=-, so that 

in passing from one adiabatic AD to another BC the entropy changes 
by the same amount. 

Further, by making the steps small enough it will be seen that 
no matter what path is taken between two adiabatics the change 
of entropy will be the same. 

Hence it is evident that not only is the entropy constant along 
any adiabatic, but also that there is a perfectly definite change 
in entropy between two adiabatics, no matter what the path.may be. 

Hence adiabatic lines are lines of uniform entropy — or " isentro- 
pics " — just as isothermal lines are lines of uniform temperature. 

This property of adiabatics forms a useful aid in problems con- 
nected with heat engines generally. 

Entropy Change for a given Change of State in a Gas. 

For any change we have (Equation 18) 
dH = C„^T + PdV 

= G^dT + ^dY, since PV = RT (Eq. 3) 

,. , . dB. ^dT ,^dY 
that IS ^ = C — + R.— 

But -— ^ d(p ^ entropy change 



-T, ^(p, ^T, ^V, 

dY 
Y' 
Ti >i 'T^ ' Y, 

That is cp,-cp,= G„ log,(^^) + R log,(0 . . . (32) 



iTa ,9'2 /Ta ^ 

„ = U9P = cJ _+ R. I 



This expression gives the entropy change in terms of the tem- 
perature and volume for any given change of state. 
The above equation can also be written 



dK = C^dT - ^.dV 



so that <p,-cp^= G, log,(~j) - R log.(|?) . . . (33) 
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In the case of a gas with a variable specific heat as in the case 
ah-eady discussed, in which C„ = C„ + &T, we should have 

cp,-q>,= C„ log,(^^) + 6(T, - T,) + R log^(|?) 

showing that the entropy change is greater in this case. 

Eocample. — As an example of the use of these equations for the 
general change in entropy for a change of state, consider one 
pound of dry air initially at 32° F. and at atmospheric pressure to 
be compressed from its initial volume (12-4 cub. feet) to 3 cub. 
feet, its temperature being thereby raised to 439° F., given that 
R =53-15 (mech. units). 

Initially P = 14-7 lbs. per sq. inch =2,116 lbs. per sq. foot 

_R3^m^x^^j^ 

■^ 900 493 

from which p = 15,950 lbs. per sq. foot 

Now R = ^^ = 063 

778 



Hence <p, - <p,= C, log,(^) + R log,(p) 



QOO ^ 

= -1748 log,— + -063 log, — 
^'493 ^' 12-4 

= -0043 

The values for C,, and C„ are obtained by using 

9^=y =1-404 
C 

and cj - C,= -063 

so that Cp = -2375 

and C„ = -1748 

This result can also be obtained by using the alternate form 

<P2-<P.= C^ log,(^) - R loge(|-') (Equation 33) 

„„_. , 900 ^„„ , 15950 

= -2375 log. — — -063 log, 

^"493 ^'2116 

= -0043 

The Entropy Temperature Diagram. 

It is now proposed to show how the change from the P.V to the 
equivalent T.(p diagram for any gas can be made. 

Consider a given mass of gas, to change in any maimer from 
A to B on the temperature entropy diagram. 
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Since for a small change dcp = 



dH 



Then 



I dH = H = I 



6 
T.d(p 







Hence the heat taken in or required for a given change AB is 
represented by the area of 
the T(p diagram under AB 
(Fig. 20). 

Consider an isothermal 
line AB on the P.V diagram, 
this will be represented on 
the T99 diagram by a line 
A^B^ at temperature Tj 
parallel to the q) axis (Figs. 
21 and 22). 

Again, anadiabatic curve 
CD will be represented on 
the T(p diagram by a 
straight line C^D^ parallel 
to the T axis and at a 
distance from it by an 
am^ount equal to the con- 
stant entropy of the adiabatic CD ; similarly, a constant volume 
line MN on the PV diagram will now become a curved line M^N^ 



Fig, 



CO Of 6 

Entropy <j>. 

20. — The Entbopy Tbmpebatube 

DiAQKAM. 



■AdiaOatic 




Fig. 22. 



on the T^ diagram (Figs. 23 and 24), and similarly for the constant 
pressure lines PQ and P^Q^. 

From an examination of these diagrams it will be evident why 
the T^ diagram is better adapted to the representation of 
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isothermal and adiabatio changes, and the PV diagram to pres- 
sure and volume changes. 

It will be also noticed, in the same way, that an adiabatic has 
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Const Pressure 
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Const. Pressure. 




'Const. Volume 



V 

Fig. 23. 



Fig. 24. 



a greater slope than an isothermal curve in a PV diagram, so a 
constant pressure line generally has a greater slope than a con- 
stant volume line in the T93 diagram. 

Representation of Internal Energy on the Tcp Diagram. 

When a gas is heated at constant volume from a temperature 

A 



(0 

t2J 



0^-- " 



Absolute 
Temp. 



Entropy 




Fig. 25. 



Oj 



Ti to Tj (absolute) no external work is done, so that the heat taken 
in must therefore be equal to the change of the internal energy 
for dH = dW -I- (iE, and by hypothesis dW = 
So that dH = dE 
If now on the T95 diagram (Fig. 25), in which OBA is the con- 
stant volume line, the gas changes from condition A to B. 
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change of internal energy 



A= heat supplied = H 
Then | change of internal energy | B 

= \T.d 
}bcp 

= Area AB6a 

= Area AOa — area B06 

The internal energy at A, reckoned from absolute zero tempera- 
ture, is represented by the area AOa, and the internal energy at B, 
reckoned from absolute zero temperature, is represented by the 
area B06. 

Thus the area subtended by the constant volume curve through 
a given point on the Ty curve represents the internal energy of a 
gas defined by the co-ordinates of that point. 

Change of Entropy for Expansion Law PV = constant. 

Let P.V" = constant. 

It has already been shown that from the above equation the 
new relation is obtained : — 



/V \"~i T 



V T 

We can substitute the value for — in terms of =- in the Entropy 



Equation cp ^ <p„ = G, log/-) + R log/-) . . . (32) 

rp T> rn 

or 9? - 95„ = C„ log,— + J--— ^ log; — 

And since C„.(y — 1) = R this becomes 

• ?'-^o-C„log(l)(^) . . .(34) 

Entropy Temperature Diagrams for Standard Cycles. 

(1) The Carnot Cycle. 

This cycle, as previously pointed out, consists of two adiabatic 
and two isothermal changes, as represented on the PV diagram 
by the area ABCD. 
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■'\ Entropy. <l>z 
Fig. 26. — Entropy Tesipekattjke 
DiAGKAM rOK Caknot Cyole. 



Now if these changes 
are considered upon the 
entropy - temperature 
diagram (Fig. 26), the 
adiabatic lines AB and 
DC will be straight lines 
of constant entropy par- 
allel to the temperature 
axis ; the isothermal lines 
BC and AD will be 
straight lines of constant 
temperature parallel to 
the entropy axis. 

Also the area of the 
T99 diagram, namely. 



ABCD, represents the work done during the cycle. 
The heat taken in is represented by the area EBCF. 

The efficiency of the cycle = = ^- 

Heat taken m 

Area ABCD 



Area EBCD 

_ (T, - T,)((p, 



<Pi) 



-T, 



(Pi) 



--© 



This is the same result as 
obtained previously, and is 
obviously arrived at in an 
easier manner by the use of 
T — 9) diagram. 

(2) The " Otto " or Constanf. 
Volume Cycle. 

This cycle on the P.V 
diagram consists of two con- 
stant volume changes AD 
and BC, and two adiabatic 
changes AB and CD. Refer- 
ring the same changes to the 
T-cp diagram (Fig. 27), the 
two constant volume lines 
AD and BC are now repre- 
sented by the curved lines 
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Diagram for the Constant Volume 
Cycle. 
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12^ 



in similar notation, and, as before, the adiabatics by straight lines 
parallel to the axis. 

(3) The Constant Pressure Cycle. 

Here we have two constant pressure changes AD and BC repre- 
sented upon the T99 diagram by the curved lines of constant 
pressure AD and BC (Fig. 28), the adiabatics CD and BA being 
represented by the straight lines CD and BA. 

The proof of the method for obtaining the efficiency of the cycle 
is exactly the same as in the case treated,* for the same 
cycle referred to the PV diagram, and it is useful to note that the 
area on the T95 diagram, 
ABCD, represents, in suitable 
units, the useful work done 
during the cycle, and that 
the ratio of the areas ABCD 
and BCEF represents the 
efficiency of the cycle : 

For the heat absorbed 
is represented by 
area BCEF 
and the heat rejected 
is represented by 
area DEFA. 

In drawing the entropy 
temperature diagram for any 
given cycle of operations, it 
should be remembered that 
temperatures are reckoned 
on the absolute scale, and that entropies are usually calculated 
from some datum such as the absolute zero of temperature. That 
is to say, at - 273° C. or - 461° F. the entropy of 1 lb. of the 
gas imder consideration is taken as zero. 

In the entropy equation 

9,,-9P,=C, log,(^^)+Rlog.(L^) . . .(32) 

li cpr = - 273° C. or - 461° F., then Vi = 0. 

And by substitution cp^ = C^.log^.Ta + R log^V . . . (35) 
which is the entropy at any temperature Tj and volume V„ 

It will be noticed that the hyperbolic logarithm is used in these 
expressions ; for ordinary purposes of calculation the relation 
hyperbolic logarithm = 2-3026 logarithm to base 10 will enable 
the ordinary tables of logarithms to be used. 

* Vide p. 36. 
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Practical Methods of converting Indicator Diagrams to 
T(p Scale. 

It very frequently happens in internal combustion engine calcula- 
tions that the changes which occur within the cylinder can be much 
better analysed and studied from the temperature entropy diagram, 
so that as the ordinary " indicator " diagram representing the cycle 
of changes is drawn in the form of a PV diagram, it is necessary to 
have some means for converting this latter diagram into a T93 one. 

There are two useful methods of performing this conversion, 
one being mathematical and the other graphical. 

We have already obtained expressions for the entropy in terms 
of pressures and temperatures, and volumes and temperatures, 

thus 9>, - 9P, = C, log,(^') - R log,(|-^) .... (33) 

and <p,-cp,= C„ log (^^) + R log,(I.j) .... (32) 

If now we reckon entropy from the absolute zero of temperature the 
entropy at temperature T, volume V, and pressure P is given by 
<Pr = C. log, T + R log, V 
and cp^ = C„ log, T - R log, P. 

Since we can express the temperature as a function of the volume or 

pressure for a given 
change, it is an easy 
matter to plot q>^ and 
log V or log P upon 
squared paper, and 
for any future calcula- 
tion to find instantly 
the entropy for any 
given pressure or vol- 
ume satisfying the 
above conditions ; the 
use of semi-logarith- 
mic squared paper is 
convenient for this 
purpose. 
Again, for constant 




Entropy ^ 



Fig. 



29. — Entropy Tempekattxbe Conversion 
Diagram. 



volume lines we have /-i 1 m , . , 

(p^ = 0„ log T + constant 

and similarly for constant pressure lines. 

So that by plotting 95^ with log T, the constant volume lines and 
constant pressure lines are straight lines of linear equation, as illus- 
trated in Fig. 29. 

The intercepts upon the co-ordinate axes are easily determined 
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by putting 9; = and log T = respectively in the above equa- 
tions. 

Alternatively we can employ the second or graphical method 
for obtaining the entropy diagram from the indicator diagram, in 
terms of the pressure and 
volume, both of which can 
be read off direct. 

Suppose the actual cycle of 
operations is that shown in 
Fig. 30, which represents a 
theoretical indicator diagram 
for an engine working upon 
the Otto cycle. 

Take any point B on the 
diagram and measure off in 
suitable units the pressure P^ 
and volume V^ respectively. 
At some other convenient 
place A, the quantities P^ 
and V^ respectively can also 
be obtained, and the entropy 
of the gases employed can 
be expressed at any other 
point in terms of the entropy at the point A. 

T 

Thus we have (p^ — (p,,= C„ log, =^ 



to 

(0 




Volume.. 

Fig. 30. — Conversion of Indicator 
Diagram into T — ^ Diagram. 



+ R iog.|? 



and 



n - 



^ C, log, 



^^ - R log. 



By dividing all through by C„ and Cj, respectively, and putting 

T 

R = C — C^ so as to eliminate log, =p 



we get cp^-(p^= Cj, log, — » + C, log, 



P. 



= C,(ylog,X? + log, Lb) 



: 2-3026 C„(r logio 



V. 



+ logio ^ 



So that from measurements of pressure and volume from the 
indicator diagram we can find q)^ in terms of cpj^ ; further, by methods 
previously given, we can calculate the temperatures corresponding 
to these pressures and volumes, so that we are able to plot the T.9? 
diagram. 
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These conversion methods assume Cj, and C„, the specific heats, 
to be constant, so far as temperature variation is concerned. 

T.cp Diagram for variable Specific Heats. 

If the law of variation of the specific heats with the tempera- 
ture be known, the T99 diagram can also be drawn for this case. 

It wiU be necessary to take a number of points all around the 
indicator diagram, and to find by known methods the temperatures 
at these points. 

The diagram must then be treated in small steps, assuming the 
specific heats constant over each successive step and in value equal 
to the specific heat at the middle of each step respectively. 



Pressure Rise at 
Constant Volume. 



Sparking 
Point 

Compression 
Line 




Expansion 
Line 



Entropy. 
Fig. 31. 

The value of (f can then be calculated in. terms of T for each small 
step. 

Thus 69J = C„ -=- = Cj, -— over each element. 

An example of an actual conversion from an ordinary petrol engine 
indicator diagram, which is not to scale, however, is shown in Fig. 31 . 
After a thorough study of the principles set forth in Chapter V, deal- 
ing with indicator diagrams, some of the features which are only 
brought out by the T99 diagram will be appreciated. Among 
such points are — (1) the deviation of the expansion and compres- 
sion lines from true straight line adiabatics ; (2) the heat losses and 
absorptions from the cylinder walls during the final and the initial 
stages of the compression stroke ABCDE ; and (3) the jacket loss 
during the ignition and expansion stages. 



CHAPTER II 

Explosion and Combustion in the Engine 

The changes which occur within the cyhnder of an internal 
combustion engine are complex, and although considerable atten- 
tion has been given to the phenomena observed, by eminent scien- 
tists and engineers, with a partial elucidation of the difficulties, 
yet there is still much to be done in this connexion. 

Unfortunately, so far as petrol engines are concerned, very little 
scientific work has been performed in the past with the direct object 
of solving the special problems peculiar to this type of engine, as 
compared with gas and oil engines. It is only due to the efforts 
of one or two noted investigators that our present knowledge of 
the phenomena occurring exists. 

The petrol engine, running at very high speeds compared with 
large gas and oil engines, presents great difficulties to the experi- 
menter, so that many of our modern conclusions regarding this 
t3rpe of engine are drawn by inference from the experimental results 
and observations made upon slower running combustion engines, 
which offer much greater facilities for these purposes. 

The comparatively recent development of the petrol engine, as 
compared with the older tj^e, the gas engine, has not a little to 
do with our greater accumulation of knowledge and data con- 
cerning the latter. 

In this chapter, therefore, it will be necessary to refer to the 
results of gas engine research from time to time, in instances where 
the parallel work is unobtainable in the case of high-speed internal 
combustion engines. 

Explosive Mixtures. 

When an inflammable vapour or gas is mixed with air (or oxygen) 
in certain proportions, the resulting mixture is found to be explo- 
sive, and the presence of a small flame or spark wiU cause the 
elements of the mixture to chemically combine with more or less 
violence. 

If the mixture ignite slowly, the resulting flame taking a com- 

55 



56 HIGH SPEED INTERNAL COMBUSTION ENGINES 

paratively long time to spread through the mixture from particle 
to particle until the whole volume is combusted, this process is 
called Inflammation. 

In this mode of combustion, the burning, or chemical combina- 
tion, commences from the point of ignition of the mixture, and 
each portion of the mixtiire as it bums heats the neighbomring 
portion until its temperature is so high that it burns, and so on 
through the whole mass of the mixture. 

When the mixture is completely inflamed, explosion follows, 
and the maximum pressure is attained; the moment of complete 
inflammation is also that of maximum pressure. 

Combustion is complete when the chemical combination of the 
elements present is effected, and this point of complete combustion 
does not necessarily coincide with that of explosion. 

In gas engines the point of maximum pressure practically always 
precedes the point of complete combustion. 

There is another mode of combustion of an explosive mixture 
which can occur, quite distinct from that of inflammation, and 
this method is much more violent, and is known as " Detonation." 

Detonation appears to be caused when a wave of compression is 
set up in the explosive mixture, and it is the heat of this com- 
pression which fires the mixture as it traverses its whole mass. 

It is evident that combustion of the mixture will spread just 
as rapidly as the compression wave travels through it ; this 
speed of combustion is very considerable as compared with the 
process of inflammation. 

Thus in the case of an explosive mixture composed of equal 
volumes of carbon monoxide and oxygen, at atmospheric pressure 
and temperature, the rate of flame travel, or inflammation, is about 
3-3 feet per second, whereas if the same mixture be ignited, not at 
a point but in a considerable volume at once, then detonation 
occurs, the velocity of flame propagation being about 5,000 feet 
per second. 

Detonation can also be made to occur in other gaseous mixtures 
such as hydrogen and oxygen ; when ignited in the propor- 
tions of 2 volumes of H to 1 volume of 0, a detonating flame 
occurs which travels with a velocity of about 10,000 feet per 
second. 

The difference between inflammation and detonation of an 
explosive charge may be illustrated, first by igniting with a match 
a quantity of guncotton lying in the open air — it will bum harm- 
lessly by the former mode of combustion ; if, on the other hand, 
the same guncotton, under exactly the same conditions, be fired 
by means of a percussion cap, a very violent explosion or detona- 
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tion will occur, due to the starting of an initial compression wave 
by the percussion cap. 

These two modes of combustion are very important in petrol 
and other engines, and can be approached under certain con- 
ditions which are considered in the following paragraphs. It is as 
well to note that the normal combustion in a petrol (or like) engine 
is neither true detonation nor inflammation ; thus a very weak 
mixture of petrol vapour and air will bum comparatively slowly, 
whereas if a mixture of either petrol vapour and oxygen, or 
acetylene gas (C2H2) and air, be introduced into the engine and 
ignited in the ordinary way, detonation would occur, and exceed- 
ingly higher pressures and temperatures would be developed. 

The dilution of the proper quantity of oxygen required for the 
combustion of a given quantity of petrol vapour, by means of the 
nitrogen of the atmosphere (in the proportions of 79 per cent, of 
nitrogen to 21 per cent, of oxygen), prevents such detonating explo- 
sions from taking- place in the case of petrol engines; and this 
from the engineer's point of view is a great advantage, for it 
would otherwise be obviously impossible to run the engine quietly 
and without much shock and hammering action; engines would 
necessarily have to be made considerably stronger and heavier, and 
engine speeds would also increase very rapidly, thus involving 
numerous radical changes from present design. 

Experiments * in connexion with the rates of flame propagation 
in mixtures of different gases, in diluted mixtures, and in mixtures 
under different degrees of compression, have established the follow- 
ing facts, namely that the rate of flame propagation, or travel, in 
an explosive mixture : — 

(1) is diminished as the proportion of an inert gas present is 

increased ; 

(2) is dependent upon the proportions of the active constituents ; 

(3) is diminished as the rarefaction of the mixture increases ; 

(4) is increased as the temperature of the mixture is raised ; 

(5) is much greater when the mixtiu'e is ignited at constant 

volume than when ignited at constant pressure. 
Dealing with these factors set out, reference might be made to ex- 
periments in which it was originally shown by Sir Humphry Davy 
that true explosive mixtures may lose their explosive properties 
either by extreme excess of one of the constituents, or by excess 
of an inert constituent such as nitrogen, or by reducing the pressure 
of the gases below a certain point. 

* Bunsen, Le Chatelier and Mallard, Recherches, Paris, 1883. Berthelot 
and Vieille, Witz, Traiti Theorique et Practique dea Moteurs d Oaz et d Petrole, 
Paris, 1892, 1895 and 1899. 
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In the case of mixtures of petrol vapour and air, if the propor- 
tion of air to petrol by weight exceeds about 22, or if the mixture 
is so " rich " in petrol vapour that this ratio is below about 8, it 
will be impossible to obtain an explosion in the ordinary petrol 
engine. 

Assuming there is some value for the proportions of air to petrol 
which gives the normal combustion in an efficient petrol engine, 
then the effect of changing the proportions slightly so as to give 
a richer or weaker mixture results in combustion tending to the 
inflammation type. 

As one proceeds to the extremes of the proportions given, namely, 
22 : 1 and 8 : 1 the weakened effects are due to different causes. 
For a rich mixture the poor explosion follows from dilution con- 
sequent on the presence of inert gas in the air, whilst for a weak 
mixture it is the disproportion of the active constituents that is 
the deciding factor. 

Again, if two volumes of hydrogen be mixed with one volume 
of oxygen at ordinary atmospheric pressure, and if to this mixture 
about twenty-five volumes of oxygen be added, the mixture will 
no longer explode. Now if the density of the resulting mixture be 
raised by means of external pressure, or by increasing its tempera- 
ture, the explosive property is restored. 

On the other hand, if the original atmospheric pressure be reduced 
until it is about one- eighteenth of its initial value, a mixture of 
two volumes of hydrogen with one volume of oxygen cannot be 
exploded, but by heating this rarefied mixture to a fairly high 
temperature it can again be rendered explosive. 

A further investigation of the experimental facts shows that the 
effect of increased temperature is to widen the range of dilution, 
whether the dilution is produced by the presence of an inert gas 
or by an excess of one of the constituent gases. 

The effect of increasing the pressure of the explosive mixture 
before ignition is also shown by the examples given — and it is impor- 
tant to notice that increasing the compression pressure of the 
gaseous charge in a petrol engine has the effect of increasing the 
rate of flame propagation throughout the mixture ; this fact is 
taken advantage of in high speed and racing engines. 

The Effect of Mixture Proportions upon Flame Velocity 
(continued). 

Dugald Clerk, from experiments upon mixtures of coal gas and air,* 
found that the point where ioflammabUity ceases, when the gaseous 
mixture is diluted with air, is fairly sharply defined ; he found that 
* The Oas, Petrol and Oil Engine, Dugald Clerk, p. 112. 
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whereas a mixtiire of 14 parts of air to 1 of gas would explode with 
a spark, a mixture of 15 parts of air to 1 of gas would not do so ; 
and that if this " critical proportion " of gases be subjected to 
a slight increase of temperature or of pressure, or if a small 
addition of coal gas be made, the mixture then becomes 
inflammable. 

At the same time it has been proved that in passing from the 
explosive mixture (in which the exact proportions of the gases for 
chemical combination are present) to the mixture of the " critical 
proportion " by successive dilutions, the inflammability slowly 
becomes less and less until at the critical proportion the progress 
of the flame 
travel is very 
slow and the 
noise of the ex- 
plosion practi- 
cally unheard. 

This is easily 
demonstrated by 
exploding in a 
glass tube mix- 
tures of carbon 
monoxide (CO) 
and oxygen (0) 
by means of a 
spark, so as to 
obtain " inflam- 
mation." If the 
proportion of 

oxygen be increased, the report will become less marked, and 
the rate at which the flame travels along the tube will be notice- 
ably slower, until with the " critical proportions " the results are 
as stated. 

The effect of the proportion of the gases or vapours present, has 
been determined by Bunsen, and Mallard and Le Chatelier and 
other experimenters. 

The results of MaUard and Le Chatelier's experiments are shown 
graphically in Fig. 32. The results of these experiments showed that 
if a mixture of one volume of hydrogen and four volumes of air 
was first taken and exploded, the velocity of the flame travel was 
6-5 feet per second, whereas with the proportions of equal volumes 
of air and hydrogen this velocity was increased to 12-4 feet per 
second ; and finally, as the proportion of hydrogen was still further 
increased until the mixture was composed of 3 parts of hydrogen 
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Proportion of Air to Hydrogen (by Volume) . 
Fig. 32. — Speeds qv Flame Tbavbl. 
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to 1 part of air, the velocity of the flame was decreased to 7-5 feet 
per second. 

It will be noticed that the velocity of flame propagation becomes 
a maximum for a mixture of 1 part hydrogen and IJ of air, and is 
then 14-4 feet per second. 

As the air consists of 4 parts nitrogen to 1 part of oxygen by 
volume, it follows that the above mixture which gives the maximum 
flame travel consists of about 10 parts of hydrogen to 3 parts of 
oxygen. 

Other experiments which have been made upon mixtures of 
hydrogen and oxygen alone, show that the mixture of these two 
gases in the proportions for complete combustion, namely, 2 parts 
of hydrogen to 1 part oxygen by volume, does not give the 
greatest rate of flame travel, but that the velocity is a maximum 
when there is an excess of hydrogen present. 

This is borne out by the data given graphically in Fig. 32. The 
mixture of hydrogen and air (namely, 1 : 2J) in which the hydrogen 
and oxygen are present in their correct proportions for complete 
chemical combination, does not give the greatest flame speed. But 
when the hydrogen is increased beyond this proportion to 1 volume 
of H to IJ volumes air, the velocity is a maximum. 

Other experiments with mixtures of coal gas and air show that 
the maximum velocity of flame travel occtirs for mixtures in which 
the gas is present somewhat in excess of the actual proportion 
required for complete combustion. 

In the case of mixtures of petrol vapour and air, the speeds 
of flame travel have been measured for different proportions of 
these two substances by Dr. Neumann of Dresden, and he has 
shown that the velocity of flame travel is a maximum for a mixture 
of petrol vapour and air in the proportions by weight of 1 to 12. 
The proportions for complete combustion are approximately as 
1 to 15, dependent upon the quality of the spirit, so that in this 
case also the maximum flame velocity occurs when the petrol 
vapour is slightly in excess. 

As a general deduction, it would appear that for maximum flame 
propagation the proportion of the combustible constituent to the 
oxygen carrying one must be somewhat greater than that necessary 
for complete chemical combination. 

The actual results of Dr. Neumarm's experiments are given in 
Fig. 33, showing the variation in the rate of flame travel as the 
mixture is gradually enriched with petrol vapour until the maximum 
is reached, after which any further enrichment causes a decrease in 
the flame speed. This factor of flame travel with mixture proportion 
is of considerable importance in petrol and other explosion engines. 
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Batio of Air to Petrol by Weight. 
FiQ. 33. 

Explosion at Constant Volume. 

It has been stated that the flame velocity is much greater when 
the mixture is exploded under conditions of constant volume than 
when under constant pressure. This fact is established by Mallard 
and Le Chatelier's experiments upon mixtures of hydrogen and 
oxygen (or air) in open and closed tubes. 

In the case of a mixture of 2 volumes of hydrogen to 1 volume 
of oxygen, exploded in a tube, one end of which was closed and 
the other open, as shown in Fig. 34, so that the ignited gases issued 
from the open end and performed external work upon the atmo- 
sphere under constant (atmospheric) pressure, the measured flame 
speed was 65-6 feet per second. 

When a similarly proportioned mixture was exploded in a 
closed tube (Fig. 34) so as to obtain constant volume con- 
ditions, the velocity of the flame measured was 3,280 feet per 
second. 

This exceedingly great increase in the flame velocity in the second 
case is probably due to the fact that the particles of gas as they 
ignite increase both in temperature and pressure rapidly and thus 
greatly assist the flame propagation which takes place from particle 
to particle. 

When the tube is open, expansion into the external air can occur ; 
but when closed the particles cannot expand into the external air, 
so that the tendency to expansion can only have effect inwardly, 
causing the ignited portions of the gas to be projected into the 
portions of the gas as yet unignited, and thus greatly assisting the 
rate of flame travel ; further, the absence in the case of constant 
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volume explosion of external work performance no doubt affects 
the rate of flame travel. 

In the case of a petrol engine, ignition at constant volume can 
only occur at the dead centre position, when the piston is momen- 
tarily stationary, so that for maximum flame velocity it is impor- 
tant to ignite as near the dead centre as possible, at the same time 
bearing in. mind the necessary time interval elapsing between the 
points of ignition and the attainment of maximum pressure. When 
much hydrogen is present in the explosive mixture the flame velocity 
is greatly increased thereby. 

In connexion with 
Berthelot and Viel- 
le's experiments upon 
the rates of flame 
propagation of gases 
at constant volume 
in a closed vessel, 
and also by using 
explosion vessels of 
different capacities, 
it was found that 
the larger the capa- 
city of the vessel the 
longer the period of 
time elapsing be- 
tween the ignition 
of the gas and the 
attainment of maxi- 
mum pressure. This 
point has an im- 
portant bearing upon the design of large internal combustion 
engines. 



Explosion at Constant Pressure 
Speed: 656 feet per Sec. 



.y-^N, 



Explosion at Constant Volume 



Speed'. 3Z80 feet per Sec. 
Fig. 34. 

bearing upon the design of large 



Combustion Data. 

Before proceeding to further considerations of the real changes 
occurring within the cylinder and the important results of closed 
vessel experiments, it will be necessary to devote some space to the 
subject of combustion, from the chemical and thermal points of 
view. 

The basis of the working of practically every type of internal 
combustion engine is the chemical combination of the elements 
hydrogen (H) and carbon (C) with the oxygen (0) of the air. 

From experiments made by authorities such as Favxe and Silver- 
man, Andrews, and others, the actual amount of heat evolved in 
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the combustion of the above elements with oxygen has been deter- 
mined in each case. 

These "Heats of Combustion " are given in the Tables IX and 
X below, and are expressed in B.T.U.s per pound of the element 
combusted, and also in Centigrade Heat Units. 

TABLE IX 

Calobifio Values 



Element or Compound. 


Symbol. 


B.T.U.s 
per lb. 


Cent. T.U.s 
per lb. 


B.T.U.s per 

cub. foot 

at 32° F. 

and 760 mm. 

pressure. 


Hydrogen 

Carbon. 

Carbon monoxide 

Sulphvir 

Ethylene 
Benzene 
Methane 


H 

C 
CO 

s 

C^H, 
CsHe 
CH4 


62,030* 
14,540 
4,320 
4,000 
21,350 
17,840 
23,510 


34,460* 
8,080 
2,400 
2,220 

11,860 
9,910 

13,060 


293 

976 

342 

715 

1,676 

4,020 

1,066 



* The value given for hydrogen includes the latent heat of the steam. 
If this latent heat remains in the gas, the heat of combustion in B.T.U.s per 
lb. becomes 52,500. 



TABLE X 
Calorific Values of Internal Combustion Engine Fuels 





Composition per cent. 


Calorific 












Value in 
B.T.U.s 
















Carbon. 


Hydro- 
gen. 


O.xygen. 


per lb. 




Alcohol 


52-2 


130 


34-8 


12,600 


CjHeO 


Methyl alcohol 


37-5 


12-5 


50-0 


9,500 


CH4O, known as wood 
spirit or wood 
naphtha 


Methylated spirits 








11,000 


90% ethyl alcohol 
10% methyl „ 
Small quantity of 
paraffin 


Benzol .... 


92-3 


7-7 





18,100 


CfiHe 


(1) Petrol, -680 density 


— 


— ■ 


— 


19,200* 


Also known as Gaso- 
lene. Light petrol 


(2) Petrol, -720 density 


85 


15 





18,700* 


Medium petrol 


(3) Petrol, -760 density 


— 


— 


— 


18,250* 


Heavy petrol 


ParaflRn 


85 


15 





18,900 


Known as kerosene 


Hexane 


83-7 


16-3 





20.000 


^6^14 


Heptane . 


84 


16 





20,760 


CtHij 


Toluol 


91-3 


8-7 





18,300 


C,H3 


Xylol . . 


90-5 


9-5 





18,460 


CsHjo 


Acetylene . 


92-3 


7-7 





21,600 


C2H2 



* Lower calorific values. 
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It will be noticed that the evolution of heat in. the case of hydro- 
gen combining with oxygen is roughly four times that of carbon 
and oxygen, so that fuels rich in hydrogen should have high 
" Calorific " values. 

Here it shotild be explained that by the Calorific value of a 
fuel is meant the total number of heat imits evolved during the 
combustion of unit weight of the fuel. 

In the following considerations the atomic constitution of the 
molecules of each element is expressed by its chemical symbol. 
Thus H2, O2, N2, etc., are the chemical S5rmbols for hydrogen, 
oxygen, and nitrogen respectively, and further express the fact that 
one molecule of each of these elements contains two atoms. 

Avagadro's law states that equal volumes of gases contain equal 
numbers of molecules, the gases being under similar pressure and 
temperature conditions. 

It foUows from this, that the weights of imit volumes of any of 
the gases whose atomic weights are known can be found. The 
atomic weights of all of the elements and compounds mentioned 
herewith are given for convenience in the following Table XI. 



TABLE XI 

Table of Atomic and Molectjlab Weights 



Element or Compomid. 


Series. 


Symbol. 


Atomic 
Weight. 


Molecular 
Weight. 


Hydrogen 


_ 


H2 


I 


_ 


Oxygen . . 


— 


O2 


16 


— 


Nitrogen 


— 


N2 


14 


— 


Carbon 


— 


C 


12 


— 


Sulphur 


— 


s 


32 


— 


Carbon monoxide . 


— 


CO 


— 


28 


Carbon dioxide 


— 


C02 


— 


44 


1. Methane 


j The Paraffin Series 


CH4 


— 


16 


Ethane . 


C„H2„ + 2 


C2H8 


— 


30 


Propane . 


gaseous 
constituents 


CaHg 


— 


44 


Butane . 


C4H10 


— 


58 


Pentane 


Liquid constituents 


C5H12 


— 


72 


Hexane . 


) 


^0^14, 


— 


86 


Neptane 


'r Petrol 


C7H16 


— 


100 


Octane 


CgHis 


— 


114 


2. Ethylene. 


The Olefine Series, C„H2„ 


C2H4 


— 


28 


3. Benzene . 


The Benzene Series 


CeHg 


— 


78 


Toluene . . 


C„H2„_6 


C,Hg 


— 


9:: 


Xylene . 


Benzole 


CgHjo 


— 


100 


i. Acetylene 


The Acetylene Series 

CnH2n-2 


02^12 


— 


26 


5. Naphthalene 


The Naphthalene Series 

C„H2„_12 


CiqHs 


— 


128 


6. Alcohol . . . 


— 


C2H60 


— 


46 


Methylic alcohol . 


— 


CH40 


— 


32 
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Lower and Higher Heating Values. 

In expressing the heat of combustion of hydrogen, methane, or 
in fact of any hydrocarbon, allowance is sometimes made for the 
fact that the water formed during combustion is either condensed 
to the liquid state, or is present as water vapour or steam. 

If present as a liquid, the water vapour in condensing yields up 
an extra quantity of heat equal to its latent heat of evaporation, 
which is 966 B.T.U.s per lb., or 537 Centigrade heat units per lb. 
at 212° F. or 500° C. respectively. 

Thus by the " higher heating value " of a fuel is meant the 
actual heat of combustion plus the latent heat of condensation 
of the water formed during combustion. 

By the " lower heating value " of an element or compound con- 
taining hydrogen is meant the heat of combustion. This is the 
value one is concerned with when the water formed during combus- 
tion remains uncondensed as either saturated or superheated steam. 

If the fuel and the oxygen admitted for combustion be quite 
dry before burning, then a small portion of the water formed 
will be utilized in saturating the products of combustion, and 
so a small correction for the quantity of water uncondensed 
upon this account must be made in expressing the higher calorific 
value of the fuel, knowing the pressure, volume, and temperature 
of the final products of combustion. 

Further, it is usual to define the temperature of the final products 
at which the condensed water vapour is supposed to be. Thus 
if, as is frequently the case, the temperature of 60° F. be taken as 
the standard, then the total heat given up by 1 lb. of water vapour 
in condensing to 60° F. will be 

966 + (212 - 60) = 1,118 B.T.U.s. 

In the Tables IX and X given on p. 63 the higher heating values 
are given for the hydrogen constituents. 

Most fuels used in petrol and oil engines are nearly pure hydro- 
carbons and can be represented by the general chemical formula 
C H , where x and y represent the number of atoms in the molecule. 

For example, American petroleum consists chiefly of hydro- 
carbons belonging to the Parafiin Series, and represented by the 
general formula C„H 2+ ,' whilst petrol consists almost entirely of 
pure hexane of the same series. 

It is often necessary to be able to calculate the heat of com- 
bustion of a hydrocarbon fuel from its chemical composition, and 
for this purpose, besides knowing the chemical formula, it is also 
necessary to know the atomic weights of the elements. 

F 
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Thus the atomic weight of hydrogen is taken as unity, and the 
atomic weight of carbon is taken as 12. 

If the chemical formula of the fuel is C^jIIj,, from Table IX it 
can be shown that 1 gramme of carbon yields 32-29 B.T.U.s in 
complete combustion to CO2, and 1 gramme of hydrogen yields 
115-15 B.T.U.s in complete combustion to H2O. 

The weight of carbon present in the fuel is proportional to 12 x x, 
and hence the heat of combustion per gramme is proportional to 
12 X a; X 32-29. Similarly the heat of combustion of the hydrogen 
(per gramme) is proportional to 1 x y X 115-15, so that the heat of 

, ^. ,„„ 12 X 32-29a; + 1 X 115152/ 

combustion per gramme of C-H„ = 

^ * " 12x + y 

For example, if the fuel be composed chiefly of the Olefine Series 
represented by C„H2„. 

rri, TT 4. f n 1, ^- 12 X 32-29 X w + 1 X 115-15 X 2w 

The Heat 01 Combustion = 

12 + 2ra 

= 44-13 B.T.U.s per gramme 
= 20,016 B.T.U.s per lb. 
Similarly for a hydrocarbon of the form C„H^. 
Heat of Combustion = 38-67 B.T.U.s per gramme. 

= 17,540 B.T.U.s per lb. 
In the case of a gas where the proportions of hydrocarbons 
cannot be estimated exactly, Dr. Slaby* gives the following general 
formula for the heat of combustion : — 

H^ 1000 + 10500^/ calories per cubic metre 
= [112 + I888O2/] B.T.U.s per cubic foot. 

Where y = the weight of 1 cubic metre (or foot) of the hydro- 
carbon in kilograms (or pounds). 

The value of the quantity y is obtained by an analysis of the gas. 

There is one other relation for calculating the calorific value 
of a solid or liquid hydrocarbon, when the percentage weights of 
hydrogen, oxygen and carbon in the fuel are known from analysis, 

namely, H = 14500 C + 52230 (h — ^) 

It will be seen that the percentages of hydrogen and carbon 
present have each been multiplied by their respective heats of 
combustion, and further it is assumed that the oxygen present is 
combined with one-eighth its weight of hydrogen in the form of 
water, so that the equivalent quantity of heat for this combination 
is deducted from that of the hydrogen. 

* Calorimetrische Untereuchungen, Berlin, 1893. 
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In the case of solid or liquid fuels which show upon analysis that 
other elements are present besides hydrogen, oxygen and carbon, 
the general formula must be modified accordingly. 

Thus if the fuel is found to contain sulphur (S) and free water 
(H2O) besides the above elements, then the heat of combustion 
or calorific value is given by 

H = 14500 C + 52230 Fh --2.1 + 4OOO S - 1000 H^O. 



[«-t] 



Volumetric Proportions in Combustion. 

It is often important to be able to calculate the weight or volume 
of air required for the complete combustion of a given weight of 
fuel. 

If the fuel be given by the chemical formula G^^ the 
chemical changes occurring are that the carbon is burnt to carbon 
dioxide thus, C + 02=C02 and the hydrogen to water, 
2H + 0, =2H20. 

So that for the fuel G^y we have the volumetric equation (that 
is, the relation between the number of molecules of each compound 
present) . 

C.H, + (^^ +^)0, = MO, +I-H2O. 
So that 1 volume of Cj,H^ combines with (x-\-—] volumes of 

oxygen to form x volumes of CO a and — volumes of HgO. 

Since the composition of the air by volume is 79-1 per cent, 
nitrogen and 20-9 per cent, oxygen, it follows that 4-78 cub. feet 
air contains 1 cub. foot of and 3-78 cub. feet of N. 

Hence 1 volume of Cj.H^ will require 4-78 (^ +7-) volumes of 

air for complete combustion, and if the water formed be regarded 
as occupying no appreciable volume, the volume of the products 

of combustion will be j x + + 3-78 (* +|-)"1 

or 4-78a; + 3-78^ 
4 

So that the volume of the products of combustion is less than 
the initial volume upon the assumption that the water vapour 
condenses. 

If, as is actually the case, no condensation within the cylinder 
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of the engine occurs during the expansion stroke then an increase 
in volume due to combustion will occur on the ratio 

Initial volume \ T/ 



Final volume ^.^^^ ^ y_ 

2 4 

4-78a; + 1-192/ 
°^ 4-78a;+1442/ 

The actual increase in volume rarely reaches 15 per cent.* 
Proceeding next to a consideration of the weights of the sub- 
stances already mentioned, the general volumetric (or molecular) 
equation for the chemical changes occurring must be converted 
into the molecular weight equation. 
Thus in the usual notation we have 

C,H„+ {x+1) 0,=a;CO,+-| H,0 

I I I 

"ti (12^ + .)(xH)-^^ .[12 + 32]|[2 + 16] 

32a; + 8w 

Hence it follows that 1 lb. of the fuel C_H„ will require — — ^ 

" ^ ^ \2x + y 

44x 9?y 

lbs. of oxygen and will yield lbs. of CO, and — lbs. 

^^ ^ \2x + y ' 12a; + y 

of H^O. 

Since the composition of the air by weight is 76-8 per cent. N 

and 23-2 per cent. 0, 4-31 lbs. of air contains 1 lb. of and 3-31 of N. 

32a; + 8« 

Then 1 lb. of the fuel will require 4-31 X ^^^-^ lbs. of air 

12a; + 2/ 

for complete combustion. 

_,, , . Initial weight of explosive mixture 

The ratio =- — , r-= -, ^^ :, 

llmal weight oi exhaust products 



(12a; + y) + 32(a; +|-) 



44a; + %y 



44x- 44a; 

This is based upon the supposition that, in the case of an internal 
combustion engine, the water vapour condenses in the exhaust; 
so that the real weight of exhaust products ejected will be somewhat 
less than the weight of the explosive mixture, upon this assumption. 

* Vide p. 77. 
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Application of Results to case of a Petrol Engine. 

In the case of the petrol engine it is sufficiently accurate to 
consider the hydrocarbon fuel to be pure hexane C6H14. 
The equation of chemical changes then becomes 

CeHu + (6 + ^)0, = 600, + ^H,0 

It follows from this equation that 1 cubic foot of petrol would 

19 
require for complete combustion 4-78 X -^ (cubic feet) or 45-41 

cub. feet of air, and that the volume of the exhaust products, 

including that of the water vapour will be 48-91 cub. feet. 

-r-r Initial volume 46-41 

xience — 

Final volume 48-91 

So that the volume is about 5-6 per cent, greater after combustion 

than before. 

Again, from the equation CsH^ + ^6 +— ^O, = 600 2 + TH^O 

and by molecular weight 86 304 264 126 

304 
1 lb. of petrol requires —-- =3-53 lbs. of oxygen, or 3-53 X 4-3] 
86 

=15-21 lbs. of air for complete combustion ; and the volume of the 

exhaust products, the condensed water being ignored, is 14-75 lbs. 

The final weight of exhaust products is therefore about 91 per cent. 

of the original weight of explosive mixture. After an appreciable 

period of engine running, however, the water would be ejected 

and the above remarks would not hold, in so far as the alteration 

in weight of the products is concerned. 

Composition of Exhaust Gases. 

From the preceding results, in the case of nearly pure petrol or 
" hexane " mixed with air in the proportions for complete ^com- 
bustion, namely, 15-21 lbs. of air to 1 lb. of petrol by weight, 
it follows that theoretically the composition of the exhaust gases 
should be as follows : — 

CO J = 14-3 volumes 

N2 =85-7 



100-0 



The water formed being considered as condensed. 
Let us now examine in the case of a petrol engine the composition 
of the exhaust gases for mixtures with different ratios of air to fuel . 
In the first place, petrol vapour and air have a fairly wide range 
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of explosibility, from a weak mixture consisting of about 20 parts 
air to 1 part petrol by weight to the richest mixture upon which 
an engine will fire, namely, 8 parts air to 1 part of petrol. 

It is evident then, that for weaker mixtures there is more than 
a sufficiency of oxygen necessary to combust completely the petrol 
present, so that after explosion one would anticipate the presence 
of free oxygen in the exhaust gases in addition to carbon dioxide 
and nitrogen. 

In the case of mixtures in which the quantity of petrol vapour 
present is in excess of the theoretically correct amovmt, it follows 
that since there is an insufficiency of oxygen the mixture will be 
only partially combusted, so that instead of carbon dioxide and 
nitrogen alone, there will be carbon monoxide (CO) as representing 
the only partially complete combustion of the carbon in the petrol. 
It is further evident that as the richness of the mixture increases 
so will the incompleteness of combustion, and hence the percentage 
of carbon monoxide in the exhaust gases will become greater. 

These theoretical predictions are fairly closely borne out in 
practice, for upon analysing the products of combustion of a petrol 
engine, it is found that the exhaust consists of carbon dioxide, 
oxygen, and nitrogen for weaker mixtures, and of carbon dioxide, 
carbon monoxide, and nitrogen for richer mixtures. 

The mixture which gives the nearest resemblance to perfect 
combustion is found in practice to consist of about 14-75 parts of 
air to 1 part of petrol for petrol of density 0-720 at 15° C, and 
the products of combustion consist of 

(Carbon dioxide) CO 2 = 13-3 per cent, by volume 

(Carbon monoxide) CO = 0-5 ,, 

(Oxygen) 0^ = 0-6 

(Methane) CH4 =0-06 

(Hydrogen) H =0-18 

(Nitrogen) N^ =85-46 

Aldehyde = traces 



100-00 



These figures will of course vary to a small extent with the 
quality or grade of fuel used. 

It will be noticed that this analysis (which represents the average 
of a large number of tests) reveals the facts that combustion within 
the cylinder of a petrol engine is not perfect, although the incom- 
pleteness is not very marked, as evidenced by the presence of CO, 
0, CH4 and H in small quantities. In addition, chemical tests 
of the condensed water in the exhaust reveal the presence of an 
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aldehyde. From the results of a large number of tests and analyses 
of the exhaust gases in four-cylinder petrol engines, Dr. Watson 
has plotted the results in the form given in Fig. 35, the proportions 
(expressed as percentages) of the constituents of the exhaust pro- 
ducts being plotted against mixture strengths, by weight. 

The weights of air and petrol used by the engines during the 
tests were accurately measured, and the exhaust gases were analysed ; 
the grade of petrol was that previously mentioned 

It is interesting and of value to notice that the percentage of 
oxygen present becomes greater as the mixture gets weaker, and 
that as the mixture becomes succeedingly richer in petrol, after the 
point of complete combustion is passed, the percentage of carbon 
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monoxide becomes greater ; and that for weaker mixtures no 
carbon monoxide is present, whilst for richer mixtures no oxygen 
is present. These facts are made use of later, in the case of the 
two-stroke engine, for calculating from the exhaust products the 
amount of escaping unburnt charge. 

The curve for the oxygen proportions is a straight line, whereas 
that of the carbon monoxide is a curved line as shown, and the 
two curves overlap by a small amount near the mixtures approach- 
ing correct proportions. 

The quantity of nitrogen present is easily obtained by the differ- 
ence method, from the curves. 

The presence of free oxygen and carbon monoxide together in 
the exhaust in the region of the complete combustion mixtures 
may possibly be due to variation in the mixture strength in the 
different cylinders in the multi-cyhndered engines tested, which 
would not be evident from the average measurements made, or 
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may be due to one cylinder failing to fire the charge and so dis- 
charging it into the exhaust pipe, where " after-burning " might 
occur. Air leakage to the exhaust pipe may also produce the 
variation. 

That both CO and O2 do not occur together in the exhaust in any 
appreciable quantity has therefore been conclusively established.* 

It frequently happens that the ratio of the proportions of air 
and petrol in the mixture have to be determined from such an analysis, 
and very often this method is the only one used for finding mixture 
strengths. Table XII gives the results of exhaust gas analyses 
for petrol-engine mixtures. 





TABLE XII 
Analyses op Exhaust Gas 








Air/Petrol Eatio. 


%C02 


%C0 


%02 


%H2 


%H20 


%0H4 


%N 


Total. 


10 . . . 
14 . . . 
18 . . . 


7-12 

11-75 

9-07 


8-45 


4-85 


3-01 


13-20 
15-30 
U-75 


100 


67-20 

73-0 

74-3 


99-98 

100-05 

99-98 



It is thus necessary to be able to calculate backwards from the 
exhaust analysis results to obtain the mixture proportions. A 
concrete example will make the method clear. 

The composition of the exhaust gases in an actual case was : — 



CO 2 
CO 

0. 

H, 
CH, 



= 12-5 per cent. 

= 2-6 

= 0-2 

= 0-9 

= 0-3 

= 83-5 



100-0 per cent. 



volimies C 

. c 
, c 



Now 12-5 volumes of CO 2 contain 6-25 
2-6 „ „ CO „ 1-3 
0-3 „ „ CH4 „ 0-15 
Hence total volumes of C =7-7. 
Again, 12-5 volumes of CO 2 contain 12-5 volumes of O2 
2-6 „ „ CO „ 2-5 

0-2 „ „ 0, „ 0-2 



0. 



Total 15-2 volumes of O2 

* Some interesting curves of exhaust gas analysis results for alcohol and 
benzol mixtures are given in a Paper entitled " Benzol, etc., as Fuels for 
Internal Combustion Engines " {W. Watson), Proc. Inst. Auto Engra. 1914-15. 
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Since the composition of air by volume is 79-1 per cent. N and 

20-9 
20-9 per cent. 0, it follows that 1 volume of N is mixed with —-- 

or -266 volumes of in atmospheric air. 

Hence the 83-5 volumes of N in the exhaust are mixed with 
83-5 X -266 or 22-2 volumes of oxygen. 

As we have found 15-2 volumes of a in the exhaust gases, we 
can argue that the remainder, or 22-2 — 15-2, has gone to form water, 
i.e., 7-0 volumes of Oj, which is equivalent to 14-0 volumes of H 
in water. 

Reckoning up the hydrogen we have 

Hj contained in water = 140 volumes 
CH4 = 0-6 „ 
H, = 0-9 „ 



Total =15-5 volumes. 

Hence in the exhaust we have H = 15-5 volumes 

C = 7-7 „ 
N2 = 83-5 

Expressed as weights these are H =151 x 1 = 15-1 

C = 7-7 X 12 = 92-4 
Nj = 83-5 X 14 = 1890 

Now 83-5 volumes of N correspond with 83-5 x 1-266 volumes 
of air which weigh 83-5 X 1-266 x 14-4, which gives us 

Weight of air _ 152-8 _ 
Weight of petrol ~ 15-1 + 92-4~ 

Also ^"^""^^ °^ ^ = 1^ = 1-965 
Volume of C 7-7 

The above method assumes the whole of the carbon and hydrogen 
of the petrol as estimated by direct analysis to be present in the 
exhaust gases. 

Dr. Watson * has pointed out that (1) the ratio of the volumes 
of hydrogen to carbon should be a constant, as obtained by a 
chemical analysis of the petrol, and (2) that the ratio of air to 
petrol as calculated from the exhaust gases ought to be the same as 
that obtained from actual direct measurement. 

That this is not the case is illustrated by the curves given in 
Pig. 36, where it will be seen that the two ratios obtained from 
direct measurement and exhaust analysis do not agree, for they 

* Proc. Inst, of Auto Engs., 1909. 
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shovdd both give the straight liae AB, whereas the curve CD 

obtained from exhaust analyses lies above AB. 

The exhaust gas 
ratios depart more 
and more from the 
direct measurement 
ratios as the mix- 
ture becomes 
weaker. This is 
again borne out by 
the curves in Fig. 
37, in which it will 
be noticed that the 
ratio of H/C for 
weaker mixtures is 
greater than for 
richer, and that in 
the latter case the 
15 20 25 ratio is nearly the 

Batio. same as that ob- 

tained from an 
analysis of the 

petrol. It thus indicates that for weaker mixtures the exhaust 

gas analysis reveals a deficiency of carbon. 

The results obtained from the air /petrol and H/C ratios all serve 

to show that the chemical changes occurring in the cylinder are 

more or less complex, and that other chemical compounds may 

be formed which 

are not found by 

the ordinary 

analysis methods 
It is well 5 

known that the 3 

PR 

water which con- o 
d e n s e s in the ^ 
exhaust pipes 
contains in solu- 
tion appreciable 
quantities of 
al d e hyde 
C„H2„0, and it 
is possible that 
this may account for the observed deviations mentioned above. 
It is thus evident that in the case of the pjtrol engine the 
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fuel is never completely combusted. Experiments made by 
Prof. Hopkinson * have led to the same conclusions. 

Prof. Bone, in the Gaseous Explosions Committee's Report, 
states that he is not surprised at the disappearance of carbon (as 
a soluble product) in the above experiments, as from his own work 
in connexion with the combustion of dense hydrocarbons in a 
Diesel engine he found considerable " disappearance " of both 
hydrogen and carbon, which was at once explained when the water 
condensed from the exhaust gases was analysed, as it was found 
to give a very strong aldehydic reaction. 

Dugald Clerk's experiments upon mixtures of coal gas and air 
in various proportions, which were exploded in a cylinder in which 
the piston overran an exhaust port tlirough which samples of the 
exhaust gases could be taken, showed that in all the cases taken 
there was a certain amount of unburnt fuel in the exhaust. The 
quantity of carbon ranged from 2 to 4-3 per cent, by volume, and 
of hydrogen by 0-8 to 3-7 per cent, by volume. These results in- 
dicate that combustion continues even in the explosion of a strong 
mixture for some little time after attainment of maximum pressure. 

Since the combustion within the cylinder is incomplete and 
combustible gases are found in the exhaust, it is obvious that the 
whole of the calorific heat of the fuel is not liberated during the 
explosion process, so that the efficiency of the engine as calculated 
upon the assumption that the whole of the calorific equivalent of 
the fuel is available will give much lower results than if calculated 
upon the heat evolved corresponding to the chemical changes 
actually occurring, 

Using Thomsen's values for the heats of combustion of CO, H, and 
CH^, at constant volume, namely : — 

1 gramme of CO burning to CO 2 evolves 2,417 calories 

1 „ H „ H,0 „ 28,685 

1 ,, CH4 ,, CO 2 and H2O evolves 11,870 calories, 

TABLE XIII 



Ratio of 
Air to 


Composition of Exhaust Gases. 


Percentage 
of Heat 


Petrol by 

Weight. 


CO2 





CO 


H 


CHi 


N 


of Fuel 
used. 


9 


6-7 





12-0 


4-3 


1-4 


75-6 


58 


10 


8-2 





9-6 


3-5 


1-2 


77-5 


64 


11 


9-6 





7-3 


2-6 


0-9 


79-6 


71 


12 


IM 





5-0 


1-8 


0-6 


81-5 


79 


13 


12-5 





2-8 


0-9 


0-3 


82-7 


89 


14 


13-5 


0-4 


0-4 


01 


0-0 


85-6 


99 



Engineering, August 9, 1907. 
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and calculating the heats of combustion from the exhaust gas 
analyses results, Dr. Watson gives the above table (XIII). The 
results are also shown plotted in Fig. 38. 

From both the 
diagram and the 
table it is evi- 
dent that as the 
mixture becomes 
richer the per- 
centage of the 
heat of the fuel 
liberated be- 
comes smaller. 

Further, if the 
"thermal effici- 
ency" (by which 
is meant the ratio 
of the measured 
work done on the 
piston, or indi- 
cated work, to 
the equivalent 
energy of com- 
bustion of the 
fuel used) be 
calculated from the actual heats evolved in the chemical changes 
occurring, it will be found to be much greater for richer mixtures, 
but naturally miinfluenced by weaker mixtures, for no combustible 
matter is found in the exhaust. 

This question of thermal efficiency is dealt with at greater length 
in Chapter III. 

Increase of Volume after Combustion. 

It has already been mentioned that the volume of the products 
of combustion is not the same as the volume of the original explo- 
sive mixture, measured at the same pressure and temperature, 
but that the final volume of the combustion products will be 
greater than the initial volume of air and petrol for the case of 
complete combustion into CO 2 and water, the nitrogen remaining 
unaltered. 

In the case of mixtures both richer and weaker than this perfect 
mixture, it is easy to calculate from the exhaust gas analysis results 
the changes of volmne which occur after combustion. The results 
of such calculations and analyses are sho\vn graphically in Fig. 39. 
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From this curve it will be seen that the increase in volume for 
weaker mixtures is not very marked, and on the average is about 
5 per cent., whereas for the " perfect " mixture the volume after 
combustion is between 5 per cent, and 6 per cent, of the initial 
volume. 

For richer mixtures, the increase in volume is much more marked, 
and increases as 
the mixture be- 
comes richer, 
until for the 
richest mixtures 
used it is about 
15 per cent, of 
the initial vol- 
ume. 

Closed Explo- 
sion Vessel 
Experiments. 

The results of 
combustion ex- 
periments, made in closed explosion vessels, have thrown a good 
deal of light upon the subject of combustion in its relation to 
internal combustion engines. 

It is not intended here to dwell upon the methods adopted, or 
the apparatus employed in these experiments, but to briefly sum- 
marize the results of these tests, in so far as they relate to internal 
combustion engines. 

Clerk in 1884 employed a closed explosion vessel which was 
provided with an indicator and recorder for measuring the pres- 
sures attained, primarily with the object of discovering the pres- 
sures and pressure durations of coal gas and air mixtures. The 
explosive mixture of gas and air which gives the greatest explosion 
pressure for a given volume, and initial pressure, and which main- 
tains the maximum pressure for the longest time period when 
subjected to the cooling influence of the colder walls of the vessel, 
is the one most suited to combustion engines. 

The rapidity of the rise in pressure from the moment of ignition, 
is a measure of the esplosibility of the mixture, and the period 
elapsing between the times of ignition and attainment of maximum 
pressure is termed the " time of explosion " in closed vessel experi- 
ments. 

The combustion process is not necessarily complete when the 
maximum pressure is reached. 
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Using mixtures of ooal gas and air initially at 17° C. and atmo- 
spheric pressure, the following results were obtained by Clerk : — 





TABI 


^E XIV 






Mixture Proportions 
Air 
Gas 


Maximum Pressure 
in lbs. per sq, incll 
above atmospheric. 


Time of Expiosion 
in seconds. 


Temperature of 
Explosion.* 


4 


80 


0-16 


1,695° C. 




5 


91 


0-055 


1,812° C. 




6 


90 


04 


1,792° C. 




7 


87 


006 


1,733° C. 




9 


78 


0-08 


1,557° C. 




11 


61 


0-17 


1,220° C. 




12 


60 


0-24 


1,202° C. 




13 


51-5 


0-31 


1,033° C. 




14 


40 


0-45 


806° C. 





" Temperature calculated from observed pre.ssure. 

The results show that there is a certain mixture strength of about 
5 which yields the maximum pressure and temperature, and a very 
similar mixture proportion of 6 which gives the most rapid time 
of explosion. 

Evidently in closed-vessel experiments the explosions will take 
place under constant volume conditions. In this type of explo- 
sion the portion of the mixture first ignited expands rapidly, 
and in so doing projects the flame into the bulk of the mixture 
and compresses the remaining unignited portions. 

The rate of inflammation at constant volume is therefore greater 
than that at constant pressure by the rate of flame projection (by 
its expansion) and also by the compression of the unignited por- 
tions by the portion first inflamed. 

The explosion indicator records bring out these points, and one 
is therefore reproduced here (Fig. 40). 

In this curve the pressure rises comparatively slowly at first, 
and then, as a resiflt of the cumulative inflammation effects, the 
explosion rate rapidly increases. 

An interesting point brought out by explosion- vessel results is 
that the time of explosion for the same mixture proportions can 
be considerably increased by igniting an appreciable mass of the 
gaseous mixture at once, either by several sparks at different parts 
of the explosion vessel, a long powerful spark, or by a flame of 
large dimensions. 

Mixtures which are weak in gas or explosive vapour inflame at 
comparatively slow rates, but by igniting the mixtures in the above 
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manner very much higher explosion periods can be attained"; it 
is also shown that the shape of the explosion vessel has a direct 



80 HIGH SPEED INTERNAL COMBUSTION ENGINES 

influence upon the explosion period — a long cylindrical vessel with 
the igniter at one end giving a very much longer explosion period 
than one of short bore to length ratio. 

It is found that the maximum pressure is not increased by rapid 
ignition. 

The larger the volume of the explosion vessel the longer is the 
explosion period, due no doubt to the increased path of flame 
travel before complete inflammation occurs. 

With coal gas and air mixtures, initially at atmospheric pressure 
and temperature, the greatest explosion pressure is found to be 
about 114 lbs. per sq. inch absolute, and the highest value of the 
mean temperature attained is about 2,000° C. ; the actual tem- 
perature at any one spot near the centre of vessel, or igniter, may 
be higher than this, and near the walls of the vessel will be much 
lower than the value given. 

The effect of increasing the density of the gaseous mixture is 
found to result in an almost proportional increase in the maximum 
explosion pressure ; thus if the initial pressure be trebled for the 
same mixture proportions, the explosion pressure will also be 
trebled. 

Professor Petavel's * closed explosion vessel experiments which 
were made upon coal gas and air mixtures at initial pressures of 
over 1,000 lbs. per sq. inch, and which resulted in maximum 
explosion pressures of about 9,000 lbs. per sq. inch and tempera- 
tures reaching 2,300° C. with a coal gas to air proportion of — ' 

show that the above statement holds even at these high initial 
pressures. 

The time of explosion for these high initial pressures was about 
•058 seconds, and therefore is not very different from that obtained 
with mixtures initially at atmospheric pressure. This fact is 
not, however, directly applicable to the case of high speed internal 
combustion engines, for reasons which are considered later. 

The effect of increase in density results also in a small increase 
ia the explosion temperature. 

The explosion temperatures attained also decrease as the pro- 
portion of inflammable gas or vapour present decreases, and with 
the weakest coal-gas mixtures that can be electrically ignited the 
highest temperature attained is about 900° C. 

The above facts have an important bearing, as will be shown 
later, upon the heat efficiency of actual engines. 

The rate of rise of pressure due to explosion is found to be 

* Phih Mag. Roy. Soc, 1902. 
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practically the same for all pressures yet attained in closed vessel 
experiments ; and further, this rate is scarcely affected by the 
value of the initial pressure. 

The rate of pressure rise may be taken to be a measure of the 
rate of flame travel in the explosion vessel, and if the maximum 
pressure is assumed to be attained when the flame fills the vessel, 
then the actual flame velocity can be calculated from indicator 
records. Clerk gives the rate of flame travel estimated in this 
manner as varying from 2 feet to 13 feet per second in small explo- 
sion vessels, and it may be added that Hopkinson measured a 
fl^me velocity of 5 feet per second in a cylindrical vessel 23-4 inch 
diameter by 28-5 inches deep for an air to gas ratio of 9. 

The diminution of the rate of flame travel after the attainment 
of the maximum rate, which is brought out by the explosion records, 
is not entirely due to the cooling action of the walls of the vessel, 
and it is now known that chemical combination still proceeds, but 
at a reduced rate, after the explosion vessel is filled with flame. 

An interesting experiment in this connexion by Hopkinson 
consisted in measuring the temperatures at diSerent parts of the 
explosion vessel by means of platinum resistance thermometers. 
Thermometers A, B, and O were situated in the cylindrical vessel 
as follows : A at the centre, just near the point of occurrence of 
the spark, B at a distance from the centre of roughly one-half the 
radius, and O. very close to the walls. The explosion pressures and 
temperatures were optically recorded, and it was found that at 
first the pressure rose slowly, and the temperature at A rose rapidly. 
The pressure rose for 0-22 seconds at a rapid rate, and then at a 
decreasing rate to the maximum pressure after 0-26 seconds. 

The temperature at G was found to suddenly rise after 0-23 
seconds ; this corresponded with the moment when the flame reached 
the walls of the vessel, and indicated that the vessel was full of 
flame. Further, the pressure continued to rise after the maximum 
temperature at the walls was attained. 

The mean temperature in the vessel was 1,600° C, and at the 
centre A the platinum always melted, showing that the temperature 
there always reached or exceeded 1,750° C, the melting point of 
platinum. The temperature a,i A is given as 1,900° C. At B the 
maximum temperature was 1,700° C, whilst at C it was about 
1,200° C. ; a thermometer inserted inside, near the wall, recorded 
850° C. 

These experiments show that there is a large temperature varia- 
tion within the explosion vessel at different points, and the same 
statement no doubt holds in the case of internal combustion 
engines. 

a 
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Rates of Cooling in Explosion Vessels. 

The rates of cooling in closed explosion vessel experiments, 
made by different experimenters, show that the larger the explosion 
vessel is the slower is the rate of cooling from a given temperature. 
The curves given in Fig. 41 illustrate this point. Curve A shows 
the temperature fall with time in the case of Hopkinson's explosion 
vessel of 6-2 cub. feet capacity, whilst curve B refers to the cooling 
rate for Clerk's small explosion vessel of 0-15 cub. feet. 

The mean temperature of the large vessel fell from 1,600° C. to 

1,075° C. in 0-5 second, 
while in the small vessel 
the temperature fell 
from 1,600° C. to 520° C. 
in the same time. 

It is further found 
that if the density of 
the explosive mixture 
be increased in the same 
vessel the rate of cool- 
diminished. It 
be here men- 
that the actual 
fl o w increases 
n increase i n 
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Efiect of Combustion Products upon Combustion. 

Some interesting experiments have been made by Grover * upon 
the pressures obtained in closed explosion vessels when the explo- 
sive mixtures of coal gas and air were diluted with the burnt gases 
of previous explosion. 

The apparatus employed consisted of a cast-iron cylinder closed 
at both ends, and of about 1 cub. foot capacity. 

The charge was ignited electrically, the resulting pressures being 
recorded by a Crosby indicator in conjunction with a rotating 
drum, upon which time intervals were also automatically recorded. 

Temperatures were taken by means of a mercury thermometer. 

The explosive mixture was mixed with a certain proportion of 
the residual products of previous explosion, and the pressures of 
explosion of the mixture were measured. 

* " The Effects of the Products of Combustion upon Explosive Mixtures," 
The Practical Engineer, 1895. 
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The results of the tests showed that the highest pressures are 
obtained when the volume of fresh air admitted is only a little 
more than that required for complete combustion, and that if these 
mixture proportions be employed the charge may be diluted up 
to nearly 60 per cent, with the products of combustion ; that the 
latter should always take the place of an excess of air, and that 
when these products are employed in place of an excess of air the 
time of explosion is appreciably reduced. 

Mr. Grover mentions that products of combustion when mixed 
with fresh explosive mixture have been generally supposed to 
reduce the efficiency of the charge, but that his experiments showed 
that the presence of the products of combustion in certain explo- 
sive mixtm:es actually has the effect of increasing the maximum 
pressure obtained. 

The maximum increase of pressure due to the presence of the 
exhaust products was found to occur with the weakest mixture 
used, and the increase of pressure diminished as the mixture became 
richer in coal gas. 

In order that an idea may be formed of the influence of exhaust 
dilution Table XV is given. 



TABLE XV 

RKsrrLTS of Experiments upon Dilution of Explosive Mixtures of 
Coal Gas and Air of Residual Products 

Initial Pressure Atmospheric 



Mixture Proportions. 




Maximum 


Maximum Rise 








Pressure in lbs. 
per sq. inch 


of Pressure over 








that of undiluted 


Coal Gas, 


Air. 


Products of 
Combustion. 


i above 
Atmospheric. 


charge, 
per cent. 


6-2 


93-8 





1 16 




6-2 


88-8 


5 


■ 22 


118 


6-2 


68-8 


25 


34 




6-2 


63-8 


30 


35 




7-1 


92-9 





31 




7-1 


87-9 


5 


27 


19-4 


7-1 


67-9 


25 


30 




7-1 


57-9 


35 


1 37 




7-7 


92-3 





1 36 




7-7 


77-3 


15 


42 


19-4 


7-7 


67-3 


25 


43 





Dugald Glerk, in criticizing the results of these experiments, 
points out that the presence of combustible products in the residual 
gases may account for the increased pressures observed. 



84 HIGH SPEED INTERNAL COMBUSTION ENGINES 

In high speed internal combustion engines the residual gas 
plays an important part, and the problem is not so much one of 
beneficial dilution of the fresh charge, but rather one of being 
able, at the high speeds, to scavenge the exhaust products sufficiently 
to prevent low charge or volumetric efficiency and preignition. 

The temperature of the residual gases has an important influence 
upon the initial charge temperature, and therefore upon the thermal 
efficiency. 

Application of Closed Explosion Vessel Results to Actual 
Engines. 

The results of closed vessel experiments cannot in most cases 
be quantitatively applied to internal combustion engines, on 
account of the different conditions existing in the two cases. 

Nevertheless, valuable information and principles have been 
derived from these experiments which have a direct bearing upon 
practice ; thus the different rates of cooling in large and email 
vessels, and in different density mixtures, the explosion pressure 
relations, temperature distribution, and numerous other instances 
may be cited. 

Moreover, many of the conditions known to exist in actual 
engines may be artificially imitated in explosion vessel experiments ; 
thus the effect of turbulence was very completely studied by observ- 
ing the temperature and pressure rates in closed vessels by means 
of a fan driven at a high rate of revolution. Again, the nature of 
heat losses to cylinder walls of different kinds of surface has been 
studied by coating the explosion vessel walls with silver, highly 
polished, and with lamp-black. 

The rates of flame travel in closed explosion vessel experiments 
vary from 2 to 13 feet per second, and if these results were directly 
applicable to internal combustion engines, it would limit very 
seriously their speed and practicability. 

In gas and petrol engines, measurements from indicator dia- 
grams show that the rate of flame propagation varies from 35 to 
100 feet per second. 

The explosion occurs only approximately under constant volume 
conditions, the piston travelling outwards and causing an increas- 
ing capacity during the latter stages of flame travel and com- 
bustion. 

The effect of turbulence is the chief explanation of the greatly 
increased rates of flame propagation in the real engine. 

It will be seen that the results of closed vessel experiments have 
an important bearing upon the practical side of the subject of 
internal combustion engines. 
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Theoretical Explosion Temperatures. 

Froin the values given in Table IX, the amount of heat evolved 
by the complete combustion of 1 lb. of any of these elements or 
compounds is known ; thus it will be seen that when 1 lb. of hydro- 
gen is completely burned to water 34,400 heat units ° C. are evolved, 
or the heat evolved would raise 34,400 lbs. of water through 1°C. 

If it is required to know the theoretical temperature of combus- 
tion it will be necessary to know : — 

(1) The constituents in the products of combustion. 

(2) The weights of each constituent. 

(3) The specific heat of each constituent, at different tempera- 

tures if variable. 

Item (1) can be obtained from a knowledge of the chemical 
reactions or changes occurring. 

Item (2) is readily calculable from the atomic and molecular 
weights of the elements and compounds which take part in the 
chemical changes (conveniently expressed as a chemical equation). 

Item (3). The specific heats of the different constituents, either 
at constant pressure or constant volume, are not known very accu- 
rately at the present time ; but in so far as the results of the researches 
of the authorities mentioned in Chapter I are concerned, the values 
for CO 2, steam and nitrogen, are approximately known for different 
ranges of temperature, and at different temperatures. For the 
purpose of being able to calculate the theoretical temperatures of 
combustion it would be necessary to know the values of the specific 
heats of the different combustion products at all temperatures. 

Assuming for the present that the specific heats of the products 
are known to be constant at all temperatures and to be denoted 
by Si, Sa, 5,3 etc., and the masses of the different products formed 
by nil, w^z) ''^31 etc. 

Then if H be the calorific value of the original fuel 

the calorific intensity or") tt 

theoretical combustion 



temperature would be j "^^'^ + "^^'^ + "*'*' + ^*"- 

H 

For example, if we consider the case of hydrogen burning to 
water, we know that 1 lb. of hydrogen evolves 34,460° C. heat units 
(Table IX). 

Also since 2H2 + O2 = 2H2O 

I i I 

4 32 2(2 + 16) 
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it follows that 1 lb. of hydrogen in complete combustion forms 
9 lbs. of water. Assuming that the specific heat of the water, in 
the state of steam, be 0-490 (from Holborn and Austin's experi- 
ments for temperatures of from 110° C. to 1,000° C), we have 

Theoretical temperature ) _ 34,460 _ „ _ 

of combustion j ~ 9 x 0-490 "" ' 

It will be evident that the mean specific heat for this very 
large temperature range will be much higher than the value 
0-490 taken for the range 110° — 1,000° C, so that the calculated 
temperature of combustion will be somewhat lower on this 
account. 

This estimated temperature of combustion is very much higher 
than any temperature that has ever been attained in practice or 
even known to exist under the conditions. If the same method of 
calculation be appUed to other cases of combustion the tempera- 
tures calculated upon the assumptions previously made, wiU be 
found to be exceedingly higher than any actually known, so that 
other changes must occur to account for the discrepancy between 
the theoretical and observed facts ; it is therefore proposed to 
inquire more fully into the possible explanations of the discrepancies. 

If a given quantity of an explosive mixture be admitted into a 
closed explosion vessel of any form and exploded, and further, 
if the rate of rise of pressure and the maximum pressure attained 
be measmred by some means', it will be found that the pressure 
measured is only about 50 per cent, or 60 per cent, of the pressure 
that ought to be theoretically attained. 

Again, if the temperature of explosion be calculated from the 
observed pressure rise (it cannot be measured by any known means 
at present) and be compared with the temperature which should 
be theoretically attained, as calculated from a knowledge of the 
products of combustion and their specific heats as previously men- 
tioned, these observed temperatures are always found to about 
half of the theoretical temperatures calculated upon the assump- 
tion that all the heat of combustion is evolved or liberated. Dugald 
Clerk, Mallard and Le ChateHer and other authorities have found 
experimentally that the actual temperatures and pressures 
obtained in explosion vessels are very much lower than the 
calculated quantities. 

In the experiments of Clerk various mixtures of coal gas and 
air were exploded in a closed explosion vessel, and the pressures 
and durations of pressure of explosion were measured. Further, 
from the pressmres observed the maximum temperatures attained 
during explosion were calculated. Figures illustrating these results 
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are given in Table XVI, and from these it will be noticed that 
neither the theoretical temperatures nor pressures are attained. 



TABLE XVI 

Explosion of Coal Gas and Air 



nir 


Observed 

Pressure 

lbs. per sq. inch 

aboye 

Atmosphere. 




Temperature of 


Tlieoretical 


Ratio 2^ 


Calculated 


Explosion 


Temperature of 


gas 
by Volume. 


Pressure. 


calculated from 
observed Pressure. 


Explosion if all 
Heat were evolved. 


14 


40 


89-5 


806° C. 


1,786° C. 


13 


51-5 


96 


1,033° C. 


1,912° C. 


12 


60 


103 


1,202° C. 


2,058° C. 


11 


61 


112 


1,220° C. 


2,228° C. 


9 


78 


134 


1,557° C. 


2,670° C. 


7 


87 


168 


1,733° C. 


3,334° C. 


6 


90 


192 


1,792° C. 


3,808° C. 


5 


91 


— 


1,812° G. 


— 


4 


80 


— 


1,595° C. 


— 



The experiments of other investigators, such as Bunsen, Hirn, 
Mallard and Le Chatelier, etc., confirm these results, which 
go to show that only about one- half of the heat energy of the fuel 
is apparently developed in the explosion. 

Several interesting explanations for this apparent loss of heat 
energy have been advanced by different authorities, and will be 
here considered. 

The four chief theories put forward in explanation of the above 
facts are — 

(1) The Dissociation Theory. 

(2) The Wall Action or Cooling Theory. 

(3) The Delayed or After Burning Theory. 

(4) The Increasing Specific Heat Theory. 



(1) The Dissociation Theory. 

In order to account for the observed suppression of temperature 
in explosions of gaseous mixtures Dugald Clerk has suggested 
that the very high temperatures of explosion are sufficient to 
cause the gases present, such as steam and CO 2, to split up or 
to " dissociate " into their respective elements, and in so doing 
to absorb heat, thus reducing the temperature and pressure to 
values not very different from the observed ones. 

It is well known that when gases dissociate, heat is absorbed 
in the operation in the same way as heat is evolved when these 
gases combine together. 

Experiments relating to dissociation temperatures of steam 
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and carbon dioxide have been made by Grove and Deville,* which 
show definitely that at temperatures of from 900° to 1,000° C. in the 
case of the steam, and at 1,300° C. for carbon dioxide, dissociation 
commences to occur. 

Deville has also showed that carbon monoxide was partly disso- 
ciated into carbon and carbon dioxide (for the oxygen evolved or 
set free combines with the undissociated carbon monoxide) at 
temperatures of about 1,300° C, and from the results of later experi- 
ments upon carbon dioxide he concludes that CO 2 is "strongly 
dissociated at 1,200° C," to use his own words. As the actual 
temperatures attained during combustion in explosion vessels 
and engine cylinders is somewhere between 1,000° C. and 2,000° C, 
it is quite reasonable to conclude that some of the products of 
combustion, at least, cannot exist in a state of perfect chemical 
combination, but that the undissociated and dissociated products 
will exist together until the temperature falls sufiSciently for the 
free elements of dissociation to recombine. The evolution of heat 
during the recombination will evidently occur after maximum 
temperature has been reached, and will cause the expansion curve 
to then lie above the theoretical one. 

Dissociation would then appear to consist of a suppression of 
heat at the maximum temperature of explosion, and an evolution 
of heat during the expansion stroke. 

The exact amount of dissociation occurring forms a point of 
controversy amongst different authorities at the present moment, 
although there appears to be no doubt that dissociation does pre- 
vent the attainment of very high temperatures during combustion. 
It has previously been shown that with no dissociation, hydrogen 
burning in oxygen would give a theoretical temperature of at 
least 7,000° C, yet the experiments of Bunsen, Deville and others 
show that even the temperature of 3,000° C. is not attained. 

Again, in the case of hydrogen and air exploded at constant 
volume, it has been shown that whereas without " dissociation " 
the temperature attained should be 4,000° C. actually it only reaches 
about 2,000° C. 

It is, therefore, evident that dissociation plays an important part 
in combustion, and that the temperatures of compound gases are 
thereby 'limited. The general opinion of scientific authorities 
appears to be that the whole cause of the heat suppression is not 
explained on the dissociation theory, but that dissociation is only 
one of the contributing causes. 

It is of interest to notice in comparing the results of tests upon 

♦ Lefona sur la Dissociation professies devant la Societe Ghimique de Paris, 
1864. 
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wide ranges of explosive mixtures, at different pressures and tem- 
peratures, that the amount of apparent heat suppression is 
about the same in all cases ; thus for the richest mixture given in 
Table XVI this amount as indicated by the ratio of the observed 
to the calculated pressures and temperatures is nearly the same 
as for the weakest mixture. This and the fact first mentioned 
by Schottler,* that the expansion curve does not suddenly vary 
its course and shape as it should do in accordance with the above 
theory, are evidence that dissociation by itself does not fully account 
for the actual changes observed. 

(2) Influence of the Cylinder Walls. 

The whole subject of " wall action," as it is termed, is of great 
importance to students and designers of internal combustion 
engines, apart from affording a reasonable explanation of the 
observed facts of heat suppression already alluded to. 

During the whole of the cycle of operations of an internal com- 
bustion engine, heat is being exchanged between the working gases 
within the cylinder and the walls of the combustion chamber and 
cylinder. 

During the combustion of the charge within the cylinder the 
average temperature of the exploding gases is, of course, exceed- 
ingly higher than that of the walls of the combustion chamber, so 
that the charge loses heat to the walls both by radiation and by 
conduction. There is also another factor influencing the heat 
flow, namely, the degree of agitation or turbulence of the gases ; 
this factor will be considered later. 

From the point of view of heat suppression, it will be evident 
that as the temperature of the combusting gases is very high as 
compared with that of the cylinder walls (or in the case of explosion 
vessel experiments, the walls of the explosion chamber) there is 
a certain proportion of the heat of combustion absorbed by the 
cylinder walls by the process of radiation of heat from the hot gases. 

Conduction from particle to particle, and turbulence, also 
contribute towards the total loss of heat to the cylinder walls, but 
radiation is probably the most important process of heat loss 
involved. 

If during combustion heat is lost from the combusting gases to 
the cylinder or combustion chamber walls, there will result an 
apparent heat suppression similar to that observed in engine and 
closed explosion vessel experiments. 

Wall action, however, does not afford a full explanation of the 

* Die Oasmaschine, by Prof. R. Schottler, Brunswick, 1902. 
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experimental facts, and the general opinion here, also, is that it is 
only one of the important influencing factors. 

Radiation and the other contributing influences discussed under 
the wall action theory cannot directly account for the nearly con- 
stant heat suppression observed over wide ranges of temperature 
and pressure ; this will be evident from the following considerations. 

There are three important factors concerned in wall action, which 
are as follows : — 

(1) Radiation. 

(2) Conduction. 

(3) Turbulence. 

Dealing with these in the order named, the first factor, radia- 
tion, is very important from both the theoretical, and from the 
practical aspect. 

Radiation is almost of the same degree of importance in petrol 
and other explosion engines as the conduction of heat through the 
cylinder waUs is, in determining the nature and amount of the heat 
flow through the walls. 

In the case of large Diesel and gas engines, the chief character- 
istics of the designs are the arrangements made for the cooling ; 
this is apparent in the weight and size of these engines in proportion 
to their power output. 

Heat flow and the temperatures thereby involved are of great 
importance to engine designers, in connexion with temperature 
stresses and distortions, so that if the principles governing heat 
flow are known, it will enable the designer to allow for the effects 
of temperature changes, density, composition of the gases, and other 
important factors. The heat loss by radiation from the explod- 
ing and expanding gases to the cylinder walls depends upon several 
factors ; to give an example, the absolute mean temperature of 
the gases will partly govern their heat loss by radiation, whilst 
the density, or compactness, of the gases, the area and shape, and 
the state of the cylinder walls each influence the radiation effect, 
quantitatively. 

The Temperature Eflect of Radiation. 

In the case of an incandescent mass of gas at an absolute tem- 
perature T ° C. it has been shown by Stefan, Dulong and Petit and 
others that the total quantity of heat radiated in unit time is a 
function of the absolute temperature T, and can be expressed in 
symbols thus :— H, = IGxlQ-ioT* 

Where H^ is the quantity of heat radiated per square foot of 
area of the radiating body per hour, expressed in B.T.U.s. 
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If we assume the area of the cyUnder walls to be A s'q. inches, 
and T^ their mean temperature, and further if T^ is the mean 
temperature of the exploding gases ; then, if there were no other 
causes contributing to heat flow but the temperature, the theoretical 
loss of heat by radiation to the walls per second would be given by 
3-8 X 10-1^ X A(T/ = V) B.T.U.s. 

The curve shown in Pig. 42 illustrates the radiation heat 
loss variation with the temperature, but is only intended to repre- 
sent this effect quaUtatively. 

It wiU generally be found in using the above expression that 
the term T„* is negligible, this term being very small compared 
with T,*. _ 

Examples * of the applica- 
tion of the above expression to 
the case of steam engine boilers 
and fireboxes suffice to show 
that it can, in these cases, 
yield quantitative results 
which at least enable one to 
form ideas of the magnitude 
of the temperature effect 
upon the quantity of heat 
lost to the walls by radiation. 
The reader would do well to 
consult the papers mentioned 
in the footnote. 

Much interesting and useful 
information has been ob- 
tained from radiation experi- 
ments upon flames of coal 
gas burning in air, in which the thickness, volume, and constitu- 
tion of the flame could be altered. 

Professor CaUendar | was the first to point out that the loss of 
heat of combustion in closed vessel explosions, including internal 
combustion engines, is of the same order as the heat loss measured 
from non-luminous Bunsen flames which radiate from 15 to 20 
per cent, of their heat of combustion. Further, f he mentions 
that although it is impossible to estimate, separately, the exact 
amount of radiation heat to the cylinder walls, it is probable that 
the loss by radiation is proportional to the area of wall surface 
exposed, and is practically independent of the time, since the period 
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of duration of the flame is exceedingly short in the most efficient 
mixtures. 

From this it follows that the heat lost by radiation to the cylinder 
walls during combustion is independent of the engine speed. 

It is also probable that part of the radiation loss which occurs 
during combustion (or propagation of the flame throughout its 
mass) is proportional to the volume and not to the surface, and 
so this part of the radiation loss is constant. 

From these experiments upon the heat radiated from flames 
of various sizes and burning under different conditions Prof. 
Callendar showed that when the air and gas were in the pro- 
portions for complete combustion the average amount of heat 
radiated was 12-5 per cent, of the heat of combustion. 

As the air supply to the burners was reduced for the same rate 
of gas consumption, the size of the flame increased, as also did 
the quantity of heat radiated. 

A maximum of about 20 per cent, was reached under these con- 
ditions, corresponding with enrichment of the mixture ; as the gas 
supply was reduced, relatively to the air supply, the radiation fell 
off greatly as a result of the falling off of flame temperature and 
size. 

With the steady luminous flames of the bat's wing type of burner 
a considerable increase of radiation was obtained by excluding air 
from the flame. 

With low temperature flames the proportion of heat radiated 
was very low, often only 2 per cent. ; this also foUows from Stefan's 
law, previously given. 

The effect of composition of mixture upon the radiation from 
the open flame is shown in Fig. 43, which illustrates some of the 
results of Callendar' s experiments. 

The total radiation of a Meker burner, expressed as a percentage 
of the heat of combustion, is shown plotted against the ratio of 
air to gas by volume in the mixture. This air-gas proportion will 
of course afiect both the temperature and construction of the flame. 

It will be evident from Fig. 43 that the net effect of enrichment 
of the mixture strength is to increase the amount of heat radiated. 

In connexion with these results it should be mentioned that 
mixtures in the given proportions, if bimit without further addi- 
tion of air, would not radiate the same percentage of heat. 

It is interesting to note that for a ratio of air to gas of 5 the 
duration of the luminous flame was about -jo of a second. 

It must be borne in mind that the flames in the above experi- 
ments were burning in air, and therefore these experiments were 
not quite analogous to closed explosion vessel ones. 



EXPLOSION AND COMBUSTION IN THE ENGINE 



93 



As regards the effect of gas and air proportions upon the amount 
of the radiation loss, some experiments by Hopkinson * show 
some interesting results. 

Experimenting upon a 40 h.p. gas engine the following results 
were obtained : — 



Percentage of gas in cylinder contents 
Total heat loss per minute 
Total heat loss 
Total heat supply- 
Piston temperature .... 



Case (1). 
8' 5 per cent. 
1,510 

29 per cent. 

300° C. 



Case (2). 

11" per cent. 

2,300 B.T.U.s. 

34 per cent. 

430° C. 



The eifect of increasing the quantity of gas in the mixture rela- 
tively to the air, 
case (2), will be 
seen in the in- 
creased heat loss 
to the walls, for 
whereas the 
quantity of gas 
is increased by 
30 per cent., the 
piston tempera- 
ture is 43 per 
cent, higher, and 
the total heat 
loss is over 50 
per cent, greater 
than in case (1). 

If the loss of 
heat were due 
to conduction, it 

would diminish with an increase of gas in the mixture, because 
the temperature with the stronger mixture would be relatively 
less on account of the increased volumetric heat. 

The existence of radiation, however, which increases more rapidly 
in proportion with the temperature, would account for this increased 
heat flow to the walls. 
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Effect of Volume upon Radiation. 

Reverting once again to the open flame experiments of Callendar, 
it was shown by measurements of the radiation from different 
burners grouped together, that the amount of radiated heat was 
proportional to the volume for small flames. 

This was illustrated by first measuring the radiation from a 

* Hopkinson, Proc. Roy. Soc. A., vol. Ixxvii, p. 400. 
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single Meker burner, whose cone of radiation was measured, and 
then by placing another similar burner in a line with the first one 
and the measuring instrument. 

The quantity of radiated heat measured was greatly increased, 
but was not, however, doubled. 

A third flame placed behind the other two caused a further, but 
relatively smaller, increase in the radiated heat measured. As 
the row of flames was increased the radiation tended towards a 
finite limit. 

The general result of these experiments shows that for small 
flames of three centimetres or less the radiation is proportional 
to the volume. 

If, however, the diameter of the flame be increased beyond three 
centimetres the radiation will also increase, although not in pro- 
portion with the volume of the flame. 

In the case of very large flames the radiation tends to become 
proportional to the surface. 

The radiation from hot gases is rendered more complex owing to 
the fact that the gas is to an appreciable extent transparent to its 
own radiation ; that is to say, the quantity of heat radiated 
depends upon the thickness of the mass of the gas instead of being 
purely a surface phenomenon, as is the case with solid bodies. 

In the Report for 1910 of the Gaseous Explosions Committee 
of the British Association it is stated that : — 

" The flames met with in internal combustion engine cylinders 
or in explosion vessels differ from the open flames producible in 
the laboratory, both in respect of the lateral extension and also 
in respect of density. 

" In both of these particulars the difference is rather great, the 
least dimension of the mass of flame in a gas engine cylinder being 
only in the smallest sizes comparable with the diameter of the 
Meker burner flame, while the density of the gas just after firing 
in the gas engine is from twenty to thirty times that of the burner 
flame gases." 

It does not appear possible to determine the effect of these two 
factors, from theoretical considerations, with enough accuracy to 
enable any quantitative inference as to radiation in the case of 
gas engines to be drawn from flame experiments, although their 
qualitative results are important. 

E:Qect of the Time Factor upon Heat Loss. 

Although, as has been already mentioned, the period of explo- 
sion in petrol and like engines is very small, yet it is of some interest 
to consider the effect of the time factor upon the heat loss. 
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From explosion vessel and other experiments, Hopkinson has 
shown * that the heat loss measured from the moment of ignition 
varies as the square root of the time elapsing, 

or H = ^ V^i where fc is a constant, and t = the time of the 
explosion from the moment of ignition. 
For the cooling of a flame the heat loss is expressed in the 



following manner : — H = 2T/v/ 



k.G.t 



where T = the flame temperature 
k = thermal conductivity 
and c = the thermal capacity per unit volume. 
It has aheady been pointed out (page 91) that the heat loss 
during explosion is of small proportion, and in most cases of in- 
ternal combustion engines, is negligible. 

Effect of Pressure upon Radiation. 

The real eflrect of pressure upon radiation cannot be stated 
exactly, in view of the difficulties encountered in the experimental 
determinations, but it is possible to predict the effects with some 
degree of accuracy. 

Callendar states that within moderate limits of pressure the 
radiation and absorption powers of a flame of unit thickness at a 
given temperature and of a given composition should vary directly 
as the pressure or density. 

The value of the radiation from a layer of thickness 1 cm. at a 
pressure of 10 atmospheres should be the same as that from a layer 
of 10 cms. at 1 atmosphere, assuming that the quality of the radia- 
tion or the nature of the combustion is not affected by pressure. 

To a first approximation, therefore, it can be assumed that the 
radiation will be proportional to the density for a given mass of 
gas at a constant temperature ; that is to say, two similar masses 
of flame in which the temperatures at corresponding points are 
the same, and in which the densities are inversely proportional 
to the volumes (i.e., constant masses), will radiate heat similarly 
and equaUy. 

From the point of view of the molecular theory of gases, an 
increase of density implies a proportionate increase in the frequency 
of molecular collisions, and this would result in greater facility for 
interchange in the translational and atomic energies, besides which 
an increase of density would lessen the distance between con- 
secutive molecules, thus causing an interaction and consequent 
variation in their separate vibrations. 

* Proc. Boy. Soc. A., vol. Ixxix. 
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For all practical purposes it has been shown that it is sufficiently 
accurate to assume that the radiation varies as the density to 
the power 0-9, or expressed in. symbols, R = k.Q°'^, where fc is 
a constant, and q = the density. 

It foUows that in the case of an engine working upon the Otto 
cycle, as the density of the mixture is a maximum towards the 
end of the firing stroke (at the moment of ignition), the radiation 
will here be greatest in amount. 

Efiect of Nature of Wall Surfaces upon Radiation. 

It has been foimd that the quantity of heat lost to the walls of 
the explosion vessel or combustion chamber, other conditions 
remaining the same, depends upon whether the surfaces of the 
waUs are polished or are coated with a good heat absorbent, such 
as carbon. 

Hopkinson * has made experiments upon this subject and has 
determined the relation between the heat loss and surface con- 
dition in explosion vessels. 

In these experiments a mixture of gas and air was exploded in 
an explosion vessel the walls of which were coated with tinfoil, 
and the pressure developed, together with the rate of heat loss 
to the walls, were compared with the values obtained in the case 
in which the walls were coated with lamp-black. 

It was found that the difference in maximum pressure was very 
small, but that the rate of fall of pressure during cooling was con- 
siderably less with the bright lining than with the lamp-black surface. 

Experiments which have been made upon gas engines with 
polished combustion chambers also show that a perceptible 
increase in mean eSective pressure results. 

Additional evidence in support of these results has also been 
obtained from experiments made with explosion vessels coated 
internally with silver. 

In these experiments exactly similar proportions of mixtures were 
exploded, firstly with the interior surface coated with lamp-black, 
and secondly with the silver coating. 

It was found that in the second case the maximum pressure 
attained was increased by 3 per cent., whilst the subsequent rate 
of cooling of the exploded products was reduced to about one- third. 

These results would tend to show that the heat efficiency and 
mean effective pressure of an internal combustion engine wiU be 
appreciably greater with a polished combustion chamber than 
with a carbon-coated surface. 

Clerk estimates the heat loss by radiation on the explosion line 
* Gaseous Explosions Committee's Report, 1909. 
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in a gas engine xising the most economical mixture and a maximum 
temperatxtte of 1,800° C. to be about 3-0 per cent., when the 
explosion period is J^ second under ordinary compression 
conditions. 

Heat Flow by Conduction. 

As distinct from the radiation of heat from the mass of the 
burning and burnt gases to the cylinder waUs, heat is also lost, 
or rather interchanged, between the cylinder contents and the 
walls by the process of conduction through the gases themselves 
and through the metal walls of the cylinder to the water jacket 
or the air beyond. 

It will be evident that the conduction processes within the cylinder 
are not very simple in their action, when it is remembered that 
there is always a film of gas chnging to the exposed combustion 
chamber walls, and in addition often a layer of carbon, or an oil film, 
interposed between the gases and the metal of the cylinder walls. 

It is a generally accepted fact that there is a thin film of gas 
clinging to the walls of the combustion chamber, which is unin- 
fluenced and unaffected by convection currents or turbulence of 
the gases, and which, further, offers an appreciable resistance to 
the passage of heat by conduction. 

Similarly upon the other outer wall of the cylinder there is a 
water film which is more or less unafliected by the motion of the 
main body of circulating water in the water jackets, and which 
also offers resistance (but which in this case is much smaller than in 
the case of the gaseous film) to the transfer of heat from the walls 
to the water itself. 

If the cooling medium be air, there is reason to suppose that 
there is an air film clingiiig to the outer wall surfaces which offers 
a similar resistance to the internal gas fihn. 

It will thus be seen that the heat flow has to travel through 
the following surfaces : — 

(a) Between the main body of the gas and the gas film. 
(6) The surface between the gas film and the metal wall of the 
cylinder. 

(c) The outer surface between the metal waU and the water 

(or air) fihn. 

(d) The junction of the water (or air) film and the main body 

of the water (or air). 

If in addition to this the cylinder walls be coated with carbon 
deposit or oU, and the outer surface be covered with a water sedi- 
mentary deposit or dirt, then additional resistance paths to the 
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heat flow will be established — such resistances are commonly known 
to occur in internal combustion engine cylinders or walls. 

In considering the conduction of heat through the main body 
of the hot gases, the temperature gradient (which largely governs 
the heat flow) is comparatively small through the main body of 
the gases to the gas film, so that to all intents and purposes the 
amount of heat conducted through the hot gases themselves is 
negligible. 

If we next consider the temperature of the hot gases at some 
instant during combustion or expansion, it is possible to obtain 
an idea as to the relative magnitudes of the resistances encoun- 
tered, which are due to the interposed media. 

The " thermal resistances " of different thicknesses of various 
substances vary inversely as their conductivities and inversely 

as their thicknesses, or expressed in symbols R^ = — 

where k = conductivity in suitable units 
and t = thickness of substance 
c = a constant 
R^ = the resistance to heat flow. 

The difference in temperature between two sides of a plate of 
given thickness of any substance is a measure of the heat flowing 
through this substance, in unit time. 

Further, for a given heat flow through different thicknesses 
of various substances, the temperature drop necessary for this 
given flow will be proportional to the " thermal resistance " of 
the substance, as defined above. 

In a diagram in which the existing temperatures at different 
depths of the substance are shown by vertical ordinates, these 
ordinates will also show the relative values of the resistances offered ; 
the greater the temperatiure drop for a given thickness (or depth) 
the greater is the resistance encountered by the heat in its passage. 

In the case of a petrol engine, the walls are comparatively thin, 
and the distribution of temperature across them is practically 
luuform, so that the general expression given later can be greatly 
simplified. 

Thus for approximate purposes of calculation, if T„ and Tj are 

the temperatures of the inner and outer surfaces of the cylinder 

wall, of thickness d, and li the conductivity, then the heat flow 

(ip T ) ifc 

per unit time per unit area of walls = — - — i ^ 

Most of the published values of the constant k, which is termed 
the coefficient of conductivity, are given in C.G.S. units, the areas 
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being in sq. centimetres, the thicknesses in centimetres, and tem- 
peratures Centigrade. If, however, the B.T.U. of heat and 
the Fahrenheit scale of temperature be employed, keeping the 
linear dimensions in centimetres we have the heat flowing in time 

JcV'Y T ) 

t seconds, expressed in B.T.U.s = — —^ —A.t 

a 

Where t = the time in seconds 

A = area in sq. centimetres 

d = thickness in centimetres. 

Values for this new constant k^ are given below, for different 

metals. 

Metal k^ 

Iron 1-8 X 10-* 

Steel 40 X lO'* 

Copper 200 X 10"* 

Brass 5-5 x lO"* 

Carbon 036 X 10"* 

As the temperature of the inner wall of an explosion vessel, 
or cylinder, is constantly changing, and at a very rapid rate, the 
actual heat flow which occurs is more complicated. 

Resuming, for the moment, the consideration of the loss of heat 
to the outer cooling medium, it will be evident that, the films and 
thicknesses being small, the temperature gradients can be repre- 
sented by straight lines, and with a knowledge of the conductivities 
of the different substances concerned, we can, for steady conditions, 
find the corresponding heat flows. 

For the purposes of illustrating the nature of the relative resist- 
ances offered to the transfer of heat in the case of an internal 
combustion engine cylinder, Fig. 44 is reproduced. 

The relative temperature gradients are shown quantitatively in 
this figure ; the resistances offered to the heat flow are also indi- 
cated by these temperature gradients. 

The diagram shows that the resistance of the gas film is very 
high, compared with that of the liquid films, and at ef there is 
probably a temperature drop due to change of contact surface, 
and which is analogous to the potential difference set up electri- 
cally between the surfaces of contact of two different metals. 

The fall of temperature in the metal itself is very small, com- 
paratively speaking, and there is another contact surface fall of 
temperature at fg, followed by the water film drop, and finally by 
the water body gradient, which is also very small. 

The total resistance offered to the flow of heat is the integral 
of the respective resistances shown. 
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It has previously been stated that the gas film ofiers an exceed- 
ingly high resistance to the heat flow ; and in further evidence 
of this fact, the resistance of the gas film in. the analogous case of 
a steam boiler is stated * as being 98 per cent, of the total resist- 
ance encoxmtered, the other 2 per cent, representing the resistance' 
of the remaining influences. 

It was also mentioned, in the Paper referred to , that in the case 
of hot furnace gases impinging upon one side of the firebox, the 
other being in contact with the water film and water at 212° F., 
the hot side of the metal plate was only about 40° above the tem- 
perature of the water side. 




WATER REG /Off 



Fig. 44. — Tejipeeatttbe Gradients in Petrol Engine Cylinder. 



Another interesting result was obtained by coating the water 
side of the heating surface with grease ; when a greasy deposit 
To inch thick was present the temperature difference rose to 550° 
above the temperature of the water. This was equivalent to an 
increase in the thermal resistance nearly fourteen times that in 
the case of clean surfaces. 

Very much the same effect probably occurs in the cylinder and 
jackets of an internal combustion engine, the layer of carbon 
deposit and oil upon the walls offering a high resistance to the heat 
fiow. Any sedimentary deposit or dirty surfaces within the water 
jacket would have a similar effect upon the heat flow. 

♦ The Engineer, vol. Ixx, p. 523 (Hudson). 
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Example of Approximate Temperature Gradients. 

Consider as a further quantitative illustration of the relative 
temperature gradients existing, the case of a cast-iron plate 1 inch 
thick, one side beiag exposed to water and the other to air. The 
air and water films are probably of the order of tAo inch thick. 

The thermal resistance of the iron plate is taken as unity, so 

that the resistance of the air fihn is ' = 35, and that of the 

water film =0-8. 

100 

The numbers for the relative conductivities of air, water, and 




11^ 



Gas Film 4 ^ Iron Wall (1 inch — > '^ Water Film 

Hote: The film thicknesses are 
shown exaggerated. 

Fio. 45. — Heat Ft.ow Resistances. 

iron are taken from Kelvin's figures,* which give the conductivity 
of iron as 80 times that of water, and that of copper 500 times 
that of water. 

Also the conductivity of iron is given as 3,500 times that of air, 
whilst that of copper is 20,000 times that of air. 

Hence the relative resistances of the air film, the iron and the 
water film wiU be as 35 : 1 : 0-8. 

Fig. 45 shows the corresponding temperature gradients for this 
type of heat flow. It follows from the above figures that roughly 
about 95 per cent, of the total resistance to the heat flow is due to 
the gas film, 3 per cent, the iron plate, and 2 per cent, due to the 
water film. 

* "Heat," Ency. Britt., 9th Edition, p. 577. 
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In the case of the cast-iron walls of a motor engine cylinder 
the resistance of the metal to the heat flow would be about 
one-quarter of above figure, or less than 1 per cent, of the total 
resistance encountered. 



Heat Flow in Petrol and Gas Engines. 

Some interesting data has been obtained in connexion with a series 
of tests made upon engines by Hopkinson, the results of which are 
given in full in a Paper * read before the Institution of Automobile 
Engineers in 1909. 

From the results of these tests, it appears that about 30 to 50 
per cent, of the heat of explosion ultimately passes into the walls 
of the cylinder ; this is the heat which has to be reihoved by the 
water jacket. 

The temperature gradients, which must exist in order that the 
heat may be conducted from the explosion side of the cylinder to 
the water side, give rise to rather high temperature differences 
between different parts of the metal, and to high local tempera- 
tures at such places as the centre of the piston and the valves, 
which are remote from the water jackets. 

The effect of these temperature differences is to cause unequal 
expansion and corresponding stresses, besides which is the ten- 
dency towards preignition of local places at high temperatures. 

The factors which determine the temperature of the metal at 
any point on the inner surface of the walls are the mean rate of 
heat flow per unit area into the wall at that point and the thickness 
of the walls at the same point. 

The real heat flow will, as we have pointed out in connexion 
with the subject of radiation, depend upon the density, tempera- 
ture and turbulence of the gas ; the latter effect is dealt with at 
length later. 

The thicknesses of the air and other existing surface films, the 
thickness of the metal of the walls, and the conductivity of the 
different substances concerned, wiU determine the temperatures 
of the metal walls. The size and design of the engine also influence 
to a great extent the temperature distribution. 

Hopkinson arrives at a working idea of the magnitude of the 
heat flow in the cases of a Crossley gas engine of 11-5 inches dia- 
meter and 21-inch stroke, and a four-cylinder Siddeley petrol 
engine tested by him with a bore and stroke, respectively, of 4-6 
and 51 inches. He assumes the rate of heat flow per unit area to 

* " The Effect of Size and Speed upon the Performance of an Internal 
Combustion Engine," Inst. Aut. Engrs., February, 1909. 
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be obtainable by dividing the mean area exposed to the hot gases 
into the total heat carried away by jacket water and radiation. 

This estimate of heat flow gives a general idea of the average 
heat flow, but does not take into account the want of uniformity 
of the cylinder, walls, piston, etc. 

The figures given in Table XVII illustrate the results obtained 
in the two cases. It will be seen that the heat flow per unit area 
into the petrol engine cylinder walls is nearly twice as great as in 
the case of the gas engine, and in numerical value is about five 
thermal units per sq. inch per minute, upon the average. 



TABLE XVII 





Crossley. 


Siddeley. 


Ratio. 


In centre surface area in sq. inches 


400 


82 


4-9 


Out „ „ „ , 


1,160 


156 


7-4 


Mean surface ,, „ „ 


780 


119 


5-5 


Mean surface 


0-30 


106 


0-28 


Total cylinder volume 


Percentage of heat lost to jackets, etc. 


40-5 


34 


1-2 


Total heat loss per minute ... 


2,250 


2,300 


— 


Mean heat loss 


2-9 






Mean surface • . • 


4-85 


1-7 



Hopkinson gives as the temperature gradient necessary for this 
heat flow through cast iron 100° C. per inch, or with the usual 
thicknesses of cylinder of petrol engine practice about 20° C. 
difference of temperature. 

If we consider the existence of gas, liquid or solid films, this 
temperature gradient through the metal itself will be considerably 
less than the figure above given. 

Under all circumstances, therefore, it would appear that the tem- 
perature of the jacketed portions of the cylinder metal can be 
taken as being that of the jacket water with sufficient accuracy. 

The same general results apply to the case of the gas engine in 
which the cylinder walls are nearly four times as thick as those of 
the petrol engine. 

In some tests made in connexion with temperatures of gas 
engine cylinders, the inside of the combustion chamber was partly 
lined with tinfoil, the melting point of which was about 230° C. 
It was found that the tinfoil was quite unaffected by the explosions, 
thus showing that the inner walls could not have been at a very 
high temperature. 
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With reference to the effect of a layer of carbon deposit, the 
conductivity of which is probably about -ro that of iron, it appears 
from the above figures that for the necessary heat flow per sq. inch 
given a layer of carbon -ig inch thick would have a mean tempera- 
ture of about 350° C, and a layer of twice this thickness would 
have a temperature of about 700° C. This temperature would 
be quite sufficient to set up preignition, or premature ignition, of 
the compression charge. 

Other interesting points brought out by these experiments in 
connexion with the temperatures of the piston and valves and the 
stresses occurring in the metal of the piston due to the high tem- 
perature effects are dealt with in the original Paper, to which the 
reader is referred. 



Mathematical Investigation of Heat Flow. 

In order to obtain a true theoretical conception of the heat flow 

in thick masses of 
material, under given 
conditions of temperature 
and time, it is necessary 
to consider the flow of 
heat through an infinite 
block of material one 
face of which is plane 
surface. The general 
results obtained can be 
then modified to suit the 
special cases occurring 
in practice. 

Referring to Fig. 46, 
imagine one face of this 
block of material of con- 
ductivity k, specific heat 
s, and density q, to be at a temperature T. 

Let distances ia the direction of the heat flow lines MN be repre- 
sented by X. 

Consider an elementary section of thickness dx and area A. 

dT 




Then the flow of heat across AB in unit time = ^A . 



dx 



The flow of heat across A^Bi 
rfT 
dx 



at a distance x -\- dx will be 



dx\ 



.dx 
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Hence the gain of heat by the element AAiBiB= kA.y-^.dx (a) 

in the limit. 

This is a general expression for the heat absorbed by any elemen- 
tary section. 

The effect of this heat will be to raise the temperature of the 
element. If we consider the rate of rise of the temperature of the 
element, then the gain of heat can be expressed as mass x specific 
heat X rate of heat gain, 

dT 

that is by {q.Mx).s.-y- (p) 

ctt 

This gain of heat must evidently be the same as that previously 
obtained in {a). 
Hence equating these expressions we have 

,.(i2T, . dT, 

kA ax — — pAs dx 

dx^ ^ dt 

d'T OS dT 

"'d^ = -l*dr ■••■(") 

From this diSerential equation, the relation between temperature, 
time, and distance can be obtained, knowing the conditions exist- 
ing in any special case, assuming that the specific heat is constant. 

Next, consider the heat of conduction by the element under dis- 
cussion to be radiated or emitted from the surface of the element ; 
then a further relation can be obtained. 

If we denote the quantity of heat emitted per unit area of the 
surface, per unit difference of temperature, per unit time, by E, 
then heat lost by emission by element AA^B^B per unit of time 
= 'E.p.T.dx where p = its perimeter. 

Hence we have from (a) 

kA.rL±dx = ^fTdx 
dx^ ^ 

The solution of this equation is of the form 

T = T„e -1^ where fi = V ^ 
" kA 

This result indicates that the temperature falls from initial 
value T„ according to an exponential law, with the distance from 
the plane face of the sohd. 
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And by combining {d) with (c) we have 

E« 
from which T = T.e ~™' where m = --i- 

ASQ 

From this result it will be seen that the temperature varies 
with the time, at any given point in the solid, according to an 
exponential law. 

Heat Flow for Cyclical Variations of Temperature. 

In cases of steam and internal combustion engines, the tempera- 
ture of the side of the metal walls exposed to the steam or hot gases 
is continually changing with time, and periodically undergoes a 
cycle of changes. 

The effect of this cyclical variation of temperature is to cause 
waves of heat to travel into the metal walls. 

The simplest form of temperature oscillation applicable to such 
cases can be represented by the sine law of variation. 

Assume that T„ ^ a sin 2Tm.t is such a law of variation where 
n = frequency of temperature cycles and a is a constant. This 
expression symbolically shows that T„ is the temperature of the 
skin of the metal, where a; = at any time t. 

The actual value of the constant a can be obtained from the 
differential equation (c) by differentiating and equating differential 
coefficients in the usual way. 

This result can, however, be obtained by working conversely 
from the relation (c), that is, 

d"^ _ _QS dT 
dx^ k dt 

The solution of this well-known type of equation is, in its simplest 
form, 

T = Ae ""^ sin (qt — yx) .... (e) 

where a = + \/ — ^ 

If now T = when x = oo, that is to say the temperature at 
infinity is zero, and if T = a sin qb when a; = (the cychcal 
temperature variation at the plane face). 

We can write (e) as 

T = Ae-"^ sin [j-rrnt - ax) ....(/) 

This result gives the temperature at any depth x of the metal 
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of a solid infinite mass of material with one surface plane exposed 
to a sine variation of temperature of frequency n. 

This result, for approximate purposes, can be applied to the 
walls of thick cylinders. 

If the outer wall is at a temperature T^ and d is the thickness 
of the walls, the inner surface being at an average temperature T^ 

Then the expression 

T = Ae-°^ sin {2-nnt - era) + T^ + -~-^.x . . (g) 

a 

gives the temperature at any depth x in the walls under these 
conditions. 



Application of Mathematical Results. 

It follows from the general solution of the differential equation 
(c) that if a temperatmre variation approximating to a simple har- 
monic law occurs at the inner surface of the cylinder walls, the 
amplitude of this temperature vibration (ae""^) decreases as 
one proceeds outwards through the walls, and that the tempera- 
ture, as one goes from the inside to the outside, lags behind the 
temperature occurring at the inner wall, the amount of this lag 
increasing from inside to outside. 

It can be easily shown by substituting reasonable values for the 
constants involved (such as for the density, specific heat, conduc- 
tivity and cyclical frequency) that in the case of a cylinder wall of 
0-25 inches thickness the temperature oscillation which originates 
within the cylinder dies out before it reaches the outside of the 
metal. 

Experiments have been made upon the temperatures of steam 
engine cylinder walls by Prof. CaUendar.* He found that in the case 
of a steam engine running at 100 revolutions per minute, the range 
of steam temperatures being 46°, the temperature variation at a 
depth of -01 inch in the cylinder walls was only 4°, whereas the 
calculated fluctuation should theoretically have been 5°. 

Actual measurements of the temperatures of gas engine cylinder 
walls by Prof. Coker t show that the above results are substantially 
correct, and the maximum temperature of the cylinder walls was 
foimd to be only 7° P. in excess of the mean temperature, and at a 
depth of 0-4 inches from the inside of the cylinder the amplitude 
of temperature fluctuation was only about -5^ of the amplitude 
at the inner surface exposed to the gases. 

* Min. Proc. Inst. Civil Engineers, 1897—8 (CaUendar and Nioolson). 
f " The Temperatures of the Walls of a Gas Engine Cylinder," Eng., 
1908, p. 497. 



108 HIGB SPESD INtmiNAL COMbUSTION ENGINES 



An example of the amplitudes at different depths in a cast-iron 
wall has been worked out by Wimpetis,* taking a cychcal frequency- 
equivalent to a speed of 300 revolutions per minute. 

The figure given (Fig. 47) illustrates the results of this calcula- 
tion graphicaUy, and further indicates how the amplitude of the 
temperature waves decreases rapidly as we go outwards, until at 
a depth of -^^ inch the temperature oscillations practically die out. 

Prof. Coker in a more recent paper | deals with the flow of heat 
and cylinder wall temperatures iu the case of a gas engine. 

About 1,400 B.T.U.s were supplied to the engine per minute, 
of which about 500 B.T.U.s were lost, or rather transferred 
to the cooling water (although he cites one exceptional 

case in which as 
many as 750 
B.T.U.s were given 
to the jacket 
water). 

The total surface 
available for the 
passage of this heat 
to the jackets, etc., 
including the area 
of the piston top, 
was about 3^- sq. 
feet, and of the 
compression space 
was about 1 sq. 
foot, thus giving an average flow of heat of about 300 B.T.U.s 
per sq. foot, or roughly two B.T.U.s per sq. inch. 

The maximum heat flow shown to exist amounts to about five 
B.T.U.s per sq. inch, and from these figures (which compare very 
favourably with Hopkiri son's results for a gas engine) it can be 
readily shown that the mean difference of temperature between the 
inner and outer walls of the cylinder is less than 72° F. (or 40° C), 
and so the mean temperature at the centre of the walls must be 
fairly low, assuming the cyclical variation to be not unduly great. 
It has also been calculated, upon the assumption that the varia- 
tion of temperature in the region of the walls foUows a simple 
harmonic or sine law, that the temperature fiuctuation at a depth 
of about f inch is less than 0-2° C. 

As the assumed surface variation of temperatiure, namely, 100° C, 
is higher than experimental determinations have established, it 
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* The Internal Combustion Enjine (Wimperis). 
■f " The Temperature in a Ga5 Engine Cylinder,' 



Proc. I.C.E., 1913. 
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is evident that the fluctuations of temperature within the cylinder 
walls will be much less, and that the mean temperature of the 
cylinder walls will bo fairJy low. 

It is indeed possible to use ordinary mercury thermometers 
to measure the mer.n wall temperatures in such cases as the above, 
with a sufficient degree of accuracy. 

It therefore follows from the above considerations that the 
type of heat fluw which occurs in the case of the petrol engine 
should closely resemble that in the nearly parallel case of the gas 
engine, and that to allow the usual quantity of heat (occurring 
under practical conditions) to pass, a comparatively small tem- 
perature gradient is sufficient, being usually of the order of about 
80° C. per inch of the metal, and further, that this average tem- 
perature gradient is not appreciably affected by the temperature 
variations at the walls. 

The Effect of Turbulence upon Heat Flow. 

We have hitherto considered some of the factors concerned, 
directly and indirectly, with the heat flow losses in the engine 
cyhnder, primarily with an idea of affording a partial explanation 
of the well-known heat suppression effects occurring in internal 
combustion engines. This subject of heat flow, apart from its 
above relation, is also important in other ways, in connexion with 
the subject of internal combustion engines. 

It is not possible, here, to dweU at any great length upon the 
subject of heat flow, but the reader is referred for fuUer details 
and explanations to the Papers, and the references given in the 
footnotes.* 

Before concluding this important branch of the subject, it may 
be of interest to consider the influence of another factor, namely, 
the effect of the agitation, motion, or turbulence of the explosive 
mixture before ignition upon the rate of ignition and of heat 
flow. 

Consider first the case of a gas engine running at 120 revolutions 
per minute, and working upon the four-cycle principle. The period 
of the suction stroke is about 0-25 second, and the average velocity 
of the explosive gases during this suction period is about 100 feet 
per second through the valves upon the average in the case of 
larger types. 

In examples of high speed petrol engines, the period of the suction 
stroke may be only yno second, that is, only about one-twenty- 
fiith of the corresponding period in the case of the gets engine. 

• Vide The Oaa, Petrol and Oil Engine (Dugald Clerk) ; The Qaaeoiia Ex- 
plosions Oomrmttee'a Reports, 1912-14. 
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Also it may be remarked that whereas the time of inflammation 
necessary in the case of a gas engine is about jV second, as the 
experiments of Hopkinson and Clerk have shown, in the case of 
the petrol engine of motor car practice running at 1 ,200 revolutions 
per minute the time of explosion is about X20 second. 

This period may even be §^0 second for small petrol engines, 
and if the flame travels for a cyhnder length of four inches, then 
its rate must be 100 feet per second, or about 68 miles an hour. 

In most gas and petrol engines the gas flows through the valves 
at a mean velocity, which is on the average about 100 feet per 
second. 

These very high velocities of the gases produce considerable 
eddying eSects within the cylinder, and experiments have shown 
that this eddying motion, or turbulence, persists throughout the 
compression stroke, and is still in existence when ignition occurs. 

Hopkinson * has made experiments upon the degree and the 
amount of turbulence occurring in the case of gas engines, which 
throw considerable light upon a hitherto abstruse subject. 

In the above case of a gas engine running at 120 revolutions per 
minute, the amount of heat flowing through the cylinder walls 
is roughly about 30 per cent, of the total heat of the fuel. If the 
speed of the engine be doubled, the exploding gases will remain 
in contact for only half the period of time occupied in the former 
case, so that one would be led to think from this that the heat 
loss at this higher speed would only be about half that occurring 
at the lower speed, or 15 per cent. 

This is not the case, however, for the heat loss to the walls is 
about the same in each case, thus showing that the heat loss is 
twice as great at the higher speed. 

This observed result is explainable upon the idea of turbulence 
of motion existing, for it is well known in connexion with boUer- 
flue gases, often termed the " scrubbing effect," that when a 
gas is in motion it exchanges heat more readily with a still 
object in its vicinity than if at rest, and further, that the higher 
its speed of motion or degree of agitation the more readily does it 
part with or absorb heat, as the case may be. Thus in the above 
case, the engine speed being doubled implies a corresponding increase 
in the degree of turbulence, and therefore the heat loss to the 
walls is eiihanced upon this account ; or in other words, the 
decrease in the heat loss due to the smaller time intervals is to all 
intents counterbalanced by the greater turbulence due to the 
higher speed. 

* Phil. Trans. Royal Society, 1911-12, and Report No. 21 Oaseous Explosions 
Cormnittee. 
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In order to investigate this phenomenon of turbulence Hopkinson 
carried out some experiments with a gas engine, but instead of 
allowing it to fire in the usual way, it was electrically motored around 
without allowing a charge to enter, or the explosion to occur, thus 
causing the air inside to be alternately compressed and expanded. 

An electrical resistance, insulated from the cylinder walls, was 
inserted within the combustion chamber, and its temperature, which 
was raised by means of an electric current, was measured. 

By measuring the temperature when the engine was at rest, at 
the end of the compression stroke, and when it was motored around 
at different speeds, it was found that the temperature was much 
lower when the engine was running than when at rest, and that 
the temperature fell more and more as the speed was increased. 

These effects are 
explainable upon 
the notion of tur- 
bulence existing, for 
evidently the higher 
the speed the 
greater the turbu- 
lence , and the more 
readily the gases 
would receive heat 
from the electrical 
resistance. 

Dugald Clerk pj^ ^g — Showing the Effect of Turbulence 
has made some ex- on the Indicator Diagram. 

periments in con- 
nexion with the subject of turbulence, the results of which may 
be of interest here. 

A gas engine was employed for these tests, and indicator dia- 
grams were taken, firstly, when the engine was working normally, 
and secondly after two idle compression strokes with the engine 
not firing. In this latter case the turbulence of the gases was 
damped down considerably, as the valves were shut down during 
the idle strokes and simple compression and expansion alone 
occurred. 

Examples of the indicator records are shown in Fig. 48 for the 
two cases ; the full line diagram AB corresponds with the first 
case of normal firing, whilst the expansion line A^B^ corresponds 
with the second case in which the turbulence effect had been allowed 
to subside. The ignition periods in the two cases illustrated in 
the diagram were -037 and -092 second respectively. 

* Reports 23 and 24 Oaseous Explosions Committee, 1912. 
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The very marked effect of this damping upon the rate of 
inflammation, or explosion, is at once evident from the diagram, 
and it is concluded that the suction turbulence is of vital 
importance ia producing the high rates of flame travel necessary 
in internal combustion engines. 

Further, it has been shown that by artificially agitating an 
explosive mixture in a suitable explosion vessel or chamber, the 
speed of flame propagation was greater than when the mixture 
was ignited from rest, and also that the maximum pressure attained 
in the former case was greater. 

The experiments made in connexion with the subject of turbu- 
lence indicate that in the gas and petrol engine one effect of 
turbulence is to increase the rate of inflammation considerably. 
Clerk showed by means of indicator diagrams that for a gas engine 
the time of inflammation without turbulence was about two and 
a half times that which occurred with some turbulence. 

It foUows from the above results that experiments made upon 
rates of flame travel in closed explosion vessels do not give results 
comparable with those of real explosion engines, unless the explosion 
mixtures are agitated to about the same degree of turbulence 
actually occurring in practice ; this, of course, is difficult to ensure. 

From these, and other equally conclusive experiments, it has 
been established that not only is the maximum pressure attained 
increased by turbulence, but that the period of time of attain- 
ment of this pressure is reduced — in fact the actual ignition velocities 
and pressures attained in gas, oil and petrol engines are only possible 
as a result of turbulence. 

From the experiments mentioned, the real significance of tur- 
bidence in affecting heat flow will be imderstood, and it will be 
evident that the counteracting effects of speed and tm-bulence 
upon heat flow are extremely satisfactory in permitting wide ranges 
of speeds to be attained in petrol and other intemal combustion 
engines. 

The design of the combustion chamber, valve ports and pipes, 
and their disposition, etc., have also an important bearing upon 
the maximum and mean rates of ignition, corresponding with 
different modes and degrees of turbulence effect. 

Dr. Watson's experiments * upon the sleeve valve type of engine, 
which was free from valve pockets and had a central igniter, showed 
that rapid rates of ignition occurred, in other words, that the 
maximum pressures were attained sooner than in the case of the 
T-headed engine with valve pockets on either side of the cylinder 
head. 

• " Test of a Baimler Sleeve Valve Engine," Proo. Inst. Aut. Engrs., 1912. 
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Wall Action in Petrol Engines. 

The effect upon heat loss of the combustion chamber and cyliader 
walls during the explosion period has already been mentioned, but 
it will also be evident that throughout the whole cycle of operations 
in an internal combustion engine heat wiU be exchanged between 
the cylinder contents and the exposed surfaces. Thus i£ the cylinder 
walls be assumed to be at some mean temperature, say in the neigh- 
bourhood of 100° C, then dtiring the explosion or expansion stroke 
the gases will be at a considerably higher temperature (usually 
about 2,000° C.) than the walls, and so heat will be lost to the walls 
as a consequence. 

During the period of the ensuing exhaust stroke the gases will 
still be at a much higher temperature (usually about 700° C.) than 
the walls, thus facilitating heat loss to the latter. 

During the following suction stroke the gases, initially at atmo- 
spheric temperature (usually in the region of 20° C), will now receive 
heat from the hot walls, increasing their temperature in con- 
sequence. 

Heat will be received along the compression stroke up to a certain 
point, when the temperature attained by compression is the same 
as that of the walls, after which a reverse interchange of heat ensues. 

In practice, however, the wall temperature varies, and owing 
to the existence of oil, carbon films, and to other factors, the inter- 
change of heat is not quite the same as that just stated, during the 
compression stroke, although sensibly correct in the other cases. 

It is fairly well established that the fresh charge assumes the 
temperature of the cylinder walls at least early in the compression 
stroke, on account of its turbulence, etc., so that during the latter 
stages of this stroke, or indeed over the greater part of its range, 
heat is given to the walls on this account. 

The temperature-entropy diagram, deduced from considerations 
of the indicator diagram, affords a valuable practical means of 
studying the interchange of heat between the gases and the cylinder 
walls. The reader should refer to the diagram of temperature 
entropy given on page 54, in this connexion. 

The considerations of the second explanation of the observed 
facts relating to the apparent suppression of maximum explosion 
temperatures and pressures in closed vessel and internal combustion 
engine experiments have led to a short study of some of the other 
factors which are more or less allied with the subject of heat loss 
to the walls, but it is now intended to resume the consideration of 
the two remaining factors, enumerated on page 87. 

I 
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-Actus/ Curt/e 
.Theoretical Curve 



(3) The After Burning Theory. 

Coming next to the third explanation put forward to account 
for the difference between the theoretical and observed results, 
it has been pointed out that possibly combustion is not complete 
at the moment of attainment of maximum pressure, but that 
combustion occurs, although at a gradually diminishiag rate, all 
along the expansion stroke, at least, and in some cases during 
the exhaust. The part of combustion which occurs after the 
point of maximum pressure is termed the " after burning " 
portion. 

It is well known that the expansion curve of pressure- volume, 
obtained from actual engines, by means of indicator diagrams, 
differs from the theoretical expansion curve in that the fall of 
pressure along the stroke is not so rapid as in the latter case, as is 

shown in Fig. 49 (which is 
not, however, shown to 
scale). 

In practice the expansion 
curve often lies considerably 
above the theoretical ex- 
pansion curve, drawn 
according to the law 
PV = constant, where n 
is the constant chosen to 
suit the particular gases 
present. 

This fact would appear 
to show that it the pressure 
and temperature do not de- 
crease as rapidly as they 
theoretically should do in an 
engine, then heat must in 
some way be added during the expansion stroke. 

As the cylinder walls have been shown to be at a very much 
lower temperature than the gases during the expansion stroke, it 
is evident that heat cannot be given by them to the gases, in order 
to account for this observed heat addition. 

Upon the assumption that combustion is slow, and occurs through- 
out the expansion stroke, the evolution of heat by the gases after 
maximum pressure can be accounted for. 

It is also evident from many experiments that the moment 
of maximum pressure is not always that of complete combus- 
tion. 




Fig. 



Volume. 
49.— Real and Actual Expansion 
Curves. 
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Combustion in Petrol Engines. 

The author has recently made experiments, in co-operation with 
Dr. Watson, in connexion with the subject of combustion in petrol 
engines. By means of a spectroscope and a transparent cylinder 
window, the progress of combustion was studied throughout the 
explosion stroke. 

In order to examine the natm-e of the combustion at any given 
point in the explosion, or expansion stroke, a rotating disk with 
a perforated sector slit was made (by means of suitable mechanism) 
to uncover the cylinder window, and expose it to the collimator 
of the spectroscope at any part of the stroke. 

Although a consideration of the actual spectroscopic work is 
somewhat outside the scope of the present work, yet it may be of 
interest to refer to some of the results relating to combustion in 
the petrol engine. 

The principle upon which most of the experiments were based 
was that a line spectrum of the gases within the cylinder was only 
obtainable during the actual process of chemical combustion ; and 
that the general intensity of the lines in the spectrum obtained 
from the exploding gases was a measure of the degree or intensity 
of the combustion occurring. The petrol engine employed for 
these experiments was one of fairly low compression, namely, 60 lbs. 
per sq. inch (ex. gauge), and ran at speeds varying from 700 to 900 
revolutions per minute. 

By arranging the apparatus so as to obtain a spectrum for any 
given position of the piston, both before and after the dead centre 
position at the end of the compression stroke, it was an easy matter 
to trace the process of combustion from the moment of firing the 
charge to the point of complete combustion. 

One of the first facts which was noticed was that in order for 
the point of maximum pressm:e (as shown by the indicator diagram) 
to occur at, or very shortly after the dead centre position of the 
piston, the spark must occur at a crank angle of about 40° before 
dead centre for normal mixtures, corresponding, for the engine in 
question, with a period of 01 second. 

Another point shown was that the point of maximum intensity 
of combustion was nearly always either just before that of maximum 
pressure or coincident with it, the difference being very small 
and amounting only to about 10 degrees of crank angle at the 
most, and corresponding with a period of about -002 second. 

The changes in the intensity of the combustion as the piston moves 
down the explosion stroke are illustrated in Fig. 50, in which the 
vertical ordinates indicate the intensity of the combustion and ab- 
scissae the piston positions expressed in terms of the crank angles. 
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Two curves are shown, one for a weak mixture (Curve A) and the 
other (Curve B) for a correctly proportioned mixture. The prolonged 
process of combustion iu the former case is well illustrated. 

The general colour of the explosion, as viewed visually through the 
quartz glass window la the combustion head, was observed to change 
as the process of combustion occurred, for anygiven mixture strength. 




-40 



^W ' ' iO ' 40 ' 60 
Crank Angle in Degrees. 

Fig. 50. 



60 



100 



The following Table XVIII will serve to indicate these colour 
changes for different piston positions after the firiag point, in the 
case of a mixture composed of fifteen parts air to one of petrol, 
by weight. 

TABLE XVIII 

Combustion Colours dtjbinq the Process of Combustion in a Petrol 

Engine 

Air petrol ratio = 15-0 



Crank Angle 
in degrees. 


Flame Colour. 


—40° 


Spark occurs. No colour visible. 


—20 


Very deep blue. Cylinder walls just visible. 





Deep blue. 


10 


Blue (cobalt). 


20 


Brighter blue (cobalt). Maximum intensity. 


.30 


Bright blue with slight yellow tinge. 


45 


Yellowish white, less intense but with blue tinge. 


60 


Greenish yellow, blue tinged. 


80 


Dark green, mottled with blue. 


90 


Non-luminous. 



In this case the spark occurred at an angle of 40° before the 
dead centre, and the point of maximum explosion pressure (200 
lbs. per sq. inch) at 27° down the firing stroke, whilst the point of 
attainment of maximum combustion was 20° down the firing 
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stroke. Combustion was fully complete at a crank angle of 90°, 
or when the piston was just over half-\vay down its firing stroke. 

The actual period of combustion was -0180 second from point 
of firing. 

This period of combustion was found to vary from 01 second 
to -025 second, according as the mixture was either richly or weakly 
proportioned. 

It was also found that the average colour of the explosion , viewed 
over the entire range of combustion, varied with the mixture 
strength ; this is shown in Table XIX. This table also gives the 
periods of complete combustion, but here it should be pointed out 
that these periods depend upon the compression pressure, which 
in the above case was low. The fact that the colour of the ex- 
plosion varies with the mixture strength is often made use of in 
carburettor setting for obtaining the best mixture proportions, 
more particularly when tuning up aeroplane engines, with open 
exhausts. 

TABLE XIX 

Combustion Colotxrs in the Petrol Engine 





Period of 




Air Batio 


Combustion 


Flame Colour. 


Petrol 


in seconds. 




8-5 


■010 


Bright orange yellow. 


90 


■on 


Bright yellow. 


9-7 


■016 


Bluish white with faint yellow tinge. 


100 


■017 


Light blue with trace of yellow. 


11-3 


■017 


Light blue. 


13-6 


■018 


Intense light blue. 


14-6 


■018 


Maximum intensity light blue. 


17-3 


■025 


\Mutish blue, less intense. 



There is no doubt that some relations exist between the colour 
of the explosion flame and the proportion of different gases under- 
going chemical changes, as is evident from the facts that the char- 
acter of the spectra of the hydrocarbon, carbon monoxide and 
carbon dioxide compounds change in a definite manner as the 
mixture strength is varied. 

It may, in the future, be shown by means of the spectroscope 
whether dissociation of the gases taking part in combustion occurs, 
but at the present stage the subject is rendered more or less com- 
plex by the unsatisfactory explanations put forward for the spectra 
which occur. 

One other interesting point brought out by the preceding research 
was that the nature of the combustion process in the petrol engine 
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was the same as that 
which occtirs in the 
ordiaary Bunsen or 
Meker biimer gas flame ; 
the spectra yielded in 
■ the two cases, as the pro- 
50 -J portions of the combus- 

FiG. 51. — Light Load Diagram from Gas tibleswere varied, being 
Engine running upon a \\eak Mixture. practicaUy identical. 

The spectrum of the luminous gas flame, such as that given by 
a Batswing burner was found to be the same as that taken from 
a petrol engine cyhnder when a very rich petrol mixture was 
employed. 

In both cases the spectrum of luminous carbon was pronounced. 

In the light of the above experiments, and in their relation to 
the after-burning theory, it would appear that combustion goes 
on after the point of attainment of maximum pressure ; that the 
period of combustion varies with the mixture strength being shorter 
for mixtures rich in petrol and relatively longer for weaker mix- 
tm-es (incidentally, this latter fact affords an explanation of the 
phenomenon well known to motorists of " popping-back," for the 
weaker mixtures, burning comparatively slowly, are still burning 
at the end of the exhaust stroke, and when the inlet valve opens, 
ignite the fresh charge in the induction pipe) ; that the period of 
combustion is probably dependent upon the compression pressure, 
being smaller, the greater the pressure of compression. 




Fig. 



52. — Light Load Diagram from Petrol Engine running upon 
A Weak Mixture. 



The efiect of this definite period of combustion during the early 
part of the explosion, or firing stroke, wUl evidently cause the expan- 
sion curve of pressure-volume to depart from the hjrpothetical one. 

It will be seen from diagrams of pressure taken from engines 
working with weak mijrtures, given in Figs. 51 and 52 for the cases 
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of gas engines and petrol engines respectively, that the shape of 
the expansion curve differs very considerably from that which 
one would theoretically expect to occur if all the heat were de- 
veloped by the time maximum explosion pressure was attained. 

In both cases the expansion curve is practically parallel with 
the datum line of volumes, and quite distinct from any theoretical 
expansion curve obtained upon the usual assumptions of complete 
combustion before expansion. 

Dugald Clerk has shown by means of closed explosion vessel 
experiments, in which the time-rate of pressure variation could 
be automatically recorded, that after-combustion may exist. 

The reports of the Gaseous Explosions Committee mention this 
phenomenon of after- combiistion, or " postponement of chemical 
equilibrium until after maximum pressure," and point out that a 
considerable amount of the energy at the moment of maximum 
pressure is in the form of chemical energy ; and further, that this 
delayed combustion may be regarded as a surface effect, for con- 
siderable differences of temperature may occur within the mass 
of the gases. The gases in the neighbourhood of the cylinder walls 
being at comparatively low temperatures are conducive to after- 
burning results, whereas in the main body of the gases chemical 
equilibrium will probably occur practically at the moment of 
maximum pressure. 

Hopkinson has indicated, by means of temperature measure- 
ments at different points of the interior of an explosion vessel, that 
combustion is complete in the main body of the gases very much 
earlier than the moment of maximum pressure, thus showing that 
the incomplete combustion in an explosion is mainly a surface 
phenomenon. 

It is also evident that combustion must be retarded in the neigh- 
bourhood of the cold walls, and there is no doubt that this at least 
affords a partial explanation of the observed facts. 

There is another possible explanation of this delayed or after- 
burning phenomenon, apart from the dissociation and slow-com- 
bustion theories, namely, upon the assumption of variable specific 
heats of the expanding gases. 

(4) The Variable Specific Heat Hypothesis. 

Mallard and Le Chatelier have suggested that the increase in the 
specific heats of the gases at very high temperatures may partially 
account for the observed phenomenon, and also for the " heat 
suppression " effects, dwelt upon earlier in this chapter. 

The previous explanation of after-burning might be considered 
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as a chemical one, whereas the present one under consideration 
would be regarded as a thermal one. 

Whilst there appears to be no doubt that delayed burning does 
exist, and further affords a partial explanation of the observed 
" heat suppression " and other weU-known phenomena, yet it is 
also the opinion of several of the leading authorities upon the 
subject, that the iacrease in the specific heats of the gases con- 
cerned with temperature must also be considered in the complete 
explanation to account quantitatively for these effects. 

Wimperis * has suggested that although the increase of specific 
heat leaves a large proportion of loss to be accounted for at low 
temperatures, as apart from high temperatures, this defect in the 
variable specific heat explanation might be accounted for by the 
longer ignition period at low temperatures, allowing waU action 
to exert a greater influence. 

WaU action depends also upon the temperature and other factors, 
as well as upon time, and the theory of wall action alone does not 
offer a fuU explanation of the 50 per cent, heat suppression observed. 

Using Mallard and Le Chatelier's results for the specific heats 
of gases at different temperatures, the theoretical explosion pres- 
sures can be calculated for different mixtures in Dugald Clerk's 
experiments, and if this be done the calculated pressures upon this 
basis will give results in much better agreement with the actually 
observed ones. 

It is found, however, that if the explosion pressures are so calcu- 
lated, then for all mixtures the pressures thus obtained appear to 
be still higher than those actually measured, but the discrepancy 
is reduced upon the average to about 27 per cent., from 50 per cent. 

If now allowance be made for the fact that the pressure rise is 
retarded by the cooling action of the walls, it is possible to stUl 
further reduce, or rather to bring the calculated pressures into 
accordance with the observed ones. 

The rate of cooling is calculable from the indicator diagram and 
can be approximately obtained at the actual maximum tempera- 
ture of explosion. 

Wimperis assumes the mean rate of cooling to be halt the maxi- 
mum during the attainment of maximum pressure, and in an 
example taken from a cooling curve finds that for coal gas the rela- 
tion between the pressure (p) and time (t) could be expressed as 

31 

p =: — , and upon this basis has calculated the losses due to cooling. 

Vt 

If this cooling factor be considered in calculating the explosion 

* Engineer, October 10, 1902. 
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pressures by the variable specific heat method, a much better con- 
cordance with the observed pressiires will result. 

This better agreement can be at once seen from the curves given 
in Fig. 53,* which represent the relation between the pressures 
and mixture proportions for explosive mixtures of coal gas and 
air. 

Curve A represents the pressures calculated upon the ordinary 
constant specific heat hypothesis, and represents Dugald Clerk's 
calculated results already given. 

Curve B is drawn upon the variable specific heat theory, making 
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no allowance for cooling ; and the Curve C represents the pressures 
obtained, after allowing for the cooling effect, which brings the 
calculated pressures into very close agreement with those actually 
measured by Dugald Clerk. 

It should be here mentioned that the cylinder walls are by no 
means at a uniform temperature, and that the actual wall action 
occurring is more or less complicated, so that it is dijSicult in most 
cases to know how to make an exact allowance for this, but the 
above example from Wimperis will indicate the significance of the 
factors of variable specific heat and wal 1 action in suppressing the 
temperature and pressure of explosion. 

* The Internal Combustion Engine, Wimperis. 



CHAPTER III 

The Conditions Occubring in Actual Engines 

The Working Cycles. 

In the first chapter, upon Thermodynamics, the three ideal cycles 
applicable to internal combustion engines were discussed. 

The Camot or constant temperature cycle was ruled out, in so 
far as its practical application was concerned, on account of its 
excessive dimensions and weight for a given power. 

The constant pressure cycle was also considered, and it was 
shown that if the compression pressures were relatively great, 
the possible efficiency was also similarly high. 

From the point of view of motor car engine requirements, the 
constant pressure type of engine, for example the Diesel engine, 
so far has made very little headway on account of its comparative 
heaviness for a given power and for other practical reasons, 
although it has been employed, recently, in Germany for heavy 
locomotion and transport, so that in the following considerations 
the constant volume cycle of operations alone will be dealt with ; 
this being the basis of the present working cycles adopted in 
motor-car and aeroplane engines. 



The Constant Volume Cycle in Practice. 




Volume. 

Fig. 54. 



In the ideal constant volume 
cycle, illustrated in Fig. 54, it 
is assumed that adiabatic com- 
pression occurs along the line 
AB, followed by addition of 
heat from the working sub- 
stance at constant volume 
along BG. The working sub- 
stance then expands adiabati- 
caUy along the curve CD, and 
gives up its surplus heat at 
constant volume along DA, 
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thus leaving the working substance in its initial condition at A 
again. 

The cycle of operations occurring in practice in petrol engines 
differs in many respects from this ideal cycle. It is proposed to 
consider, briefly, the chief points of difference between the ideal 
and real cycles of operation in the following pages. 

In the real or Otto cycle of operations, the working substance can 
be either a mixture of gases or of gases and vapours, and the heat 
addition, which is more or less at constant volume and which 
occurs during the process indicated by the line BC in the ideal 
cycle, is derived from the heat of combustion, or the chemical 
energy, of the fuel or explosive mixture. 

Consider next the manner in which the Otto cycle (with which 
it is here assumed the reader is acquainted) differs from the ideal 
one. 

Commencing with the compression process AB, Pig. 54 : this is 
not quite an adiabatic one in practice, for instead of the explosive 
mixture being compressed in such a way that its store of heat 
energy does not alter, the cylinder walls, which are water-jacketed 
in practice, absorb a certain amount of the heat energy of the 
charge, so that the pressure at the end of the compression stroke 
is somewhat lower than it would be in a truly adiabatic process. 

The quantity of heat absorbed by the cylinder waUs is, however, 
insufficient to render the process isothermal, that is, to keep the 
temperature of the charge constant throughout the process. 

It will, therefore, be seen that the equation of the compression 
line AB for the real cycle lies between that of the adiabatic 
PVi' = constant, and the isothermal PV = constant. 

In the case of air as the working fluid, y = 1-408, very nearly, 
and measurements from diagrams of pressure-volume obtained from 
petrol engines indicate that the law of compression is approxi- 
mately adiabatic, and can be represented by the equation 
(PVi-25 to 1-36= constant). 

It will be noticed that the value of y in this case lies between 
that of y = 1 (the isothermal case) and y = 1-408 (the adiabatic 
case for air) . There is no doubt that the fact of the working sub- 
stance being a mixture of air with some 6 per cent., upon the aver- 
age, of petrol vapour, and a certain amoimt of burnt gases, partially 
accounts for the value of the index being lower than the adiabatic 
one for dry air. 

It also follows from this that the temperature at the end of the 
compression stroke will be somewhat lower than that calculated 
upon an assumption of adiabatic compression with air as the 
working substance. 
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The rise in pressure along BC (in the ideal diagram) has already 
been sho"wn to be considerably less than is predicted upon the 
assumption that all of the heat of combustion of the fuel is utilized 
in raising the pressure and temperature. 

The several factors contributing to this apparent " pressure " 
suppression have already been dealt with in connexion with dis- 
sociation, wall action, increasing specific heat of the explosive 
mixture and products, and after combustion. 

In practice the explosion process is not instantaneous, but occu- 
pies a definite period of time depending upon the mixture propor- 
tions, time of occurrence of the spark, speed of engine, cylinder 
dimensions, compression pressure, and other factors, so that in 
addition to the observed after-combustion effects, strictly speaking, 
heat is not given to the working substance at constant volume ; 
here again the real working cycle differs from the ideal. 

Further, owing to the combustion process continuing after the 
point of attainment of maximum pressure, which results in an 
addition of heat to the expanding gases along the expansion line 
CD (Fig. 54), in the ideal case, and also to the opposing effect of 
absorption of heat by the relatively cool walls of the cylinder 
during expansion, the true expansion process is therefore different 
from the theoretical adiabatic one. 

Measurements of indicator diagrams from gas and petrol engines 
show that the expansion curve in most normal cases follows the 
law PVi'^^*°i'^^ = constant, the value of the index depending 
upon several factors, which will be considered later. 

In the case of weak explosion mixtures the expansion line does 
not appear to follow any definite law, and in extreme cases is 
often a line nearly parallel, for most of its length, with volume 
axis. 

In practically all motor car engines the exhaust valve opens 
before the end of the expansion stroke, and remains open for a 
comparatively long period, so that the heat rejection process 
represented upon the ideal diagram by the line AD is not the same 
as the one which actually occurs. 

The general differences between the real or Otto cycle and 
the ideal cycle can best be studied by a reference to Fig. 55, in 
which the cycle of operations for the case of a petrol engine is 
shown by the shaded area, which has been drawn upon the assump- 
tion of a constant specific heat during the process of heat addition. 

The dotted diagram, B, represents the theoretical cycle of opera- 
tions for the same working substance, and has been drawn upon 
the assumption that the specific heat of the working substance 
is variable, and that the cycle conforms in other respects to the 
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ideal constant volume cycle. The other diagram, C, refers to the 
constant specific heat case. 

It wiU be evident that the compression pressure (and also the 
temperature) is higher in this latter case, as also is the pressure 
and temperature at the end of the heat addition (or explosion) 
process. 

A comparison of these two diagrams will show in what way the 
real cycle of operations departs from the ideal. 

The lower explosion pressure and the expansion line lying 
below that of the ideal diagram indicate the effects, previously 
mentioned, of apparent heat suppression. 

The effect of the |___i_i_ 

early opening of the I VX 

exhaust valve is 
apparent in the 
shape of the , " toe " 
of the shaded dia- 
gram. 

Further, the com- 
pression curve will be 
seen to be lower in 
the real diagram ; 
this is in accordance 
with the predicted 
effect. 

It should be 
pointed out, in pass- 
ing, that the shaded 
diagram is not in- 
tended to represent 
an actual indicator diagram taken from an engine, but has been 
drawn for comparison purposes. 

The real indicator diagram will be found to reveal other interest- 
ing points of difference, and a discussion of these will form the 
subject of a subsequent chapter. 

Ideal and Real EfEiciencies. 

In the case of the ideal engine working upon the Otto cycle, it 
is assumed that the working substance is air, obeying the con- 
ditions relating to ideal gases, and that none of the heat added 
during the constant volume process is lost by conduction or radia- 
tion during the expansion process. 

It is further assumed that the specific heat is constant throughout 
the whole sequence of operations. 




•010 -020 0-3 

Vol. in cu. ft. 

Fig. 55. 

A. — Indicator Diagram from Petrol Engine. 

B. — Ideal Diagram for Variable Specific Heats. 

C. — Ideal Diagram for Constant SiJecific Heats. 
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It has been already shown that the theoretical efficiency for a 
substance working upon the Otto or constant volume cycle is 
given by 

/ 1 \0'408 

This shows that the efficiency depends solely upon the com- 
pression ratio. The differences existing between the real working 
cycles and the ideal one have previously been shown to considerably 
modify the results obtaiaed in practice, so that the efficiency of 
an actual engine will be much lower than that theoretically 
obtainable. 

The values of the Air Standard Efficiency, as it is termed, for 
different compression ratios r as referred to the ideal cycle with 
air as the working substance and calculated from the relation (a), 
are given in the following Table XX, and have already been shown 
graphically on page 35, Fig. 12. 

TABLE XX 
Alr Standabd Efficiency 

Compression Katio. Efficiency. 

2 ... -25 

3 .... -36 

4 . . -43 

5 . . -48 
10 . -61 

100 . . .... -86 

The values of the compression ratios employed in motor-car 
engine practice lie between 3 and 5, being upon the average about 
4, so that theoretically we ought to expect efficiencies of about 0-43. 

Owing, however, to the several contributing factors already 
mentioned, the best efficiencies yet obtained have not exceeded 
0-30 (as actually measured). 

It is usual, for comparative purposes, to refer the performances 
of real engines to that of the ideal cycle under Like conditions, and 
for this purpose the ratio of the actual efficiency to the ideal 
efficiency, called the Relative Efficiency, is used. 

It should here be pointed out that the term " efficiency " here 

employed represents the ratio , r-^, both being in the 

'^ •' heat expended * 

same units. 

In the case of a petrol engine this efficiency is termed the Thermal 

Efficiency, which is the ratio of the real work done, in suitable 

units (as represented by the area of the indicator diagram), to 

the calorific value of the quantity of petrol used in performing 

this work through the agency of the explosive mixture. 
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If the indicated horse power be represented by the letters 
I.H.P., and if w lbs. of petrol are used per hour, the calorific 
value of the fuel per pound being represented by C, then the 

™ , -c^ • IH.P. X 33,000 X 60 

Thermal Efficiency = 



= 254 



778 X w X C 
I.H.P. 



w.G 



The calorific values of different fuels, as employed upon petrol- 
type engines, are given in Table X, page 63. 

The relations between the thermal efficiencies obtained in prac- 
tice and the theoretical efficiencies obtainable are best under- 
stood by a reference to the experimental results * obtained with 
a four-cylinder car engine 85 mm. bore and 120 mm. stroke, running 
at a speed of about 1,100 revolutions per minute. 

In these tests the compression of the engine was varied, so that 
the compression ratios varied between 3-92 and 4-71. 

It will be shown later that the strength of mixture and the speed 
both afiect the efficiency, so that the results here given refer to 
constant conditions of speed and mixture strength. 

The results of these experiments are given in Table XXI for a 
mixture strength giving nearly the maximum possible thermal 
efficiency, in order to make as favourable a comparison as possible. 



TABLE XXI 



Compression 
Ratio. 


Measured 
Efficiency. 


Ideal Air Standard 
Efiaciency. 


Relative 
Efficiency. 


3-92 
4-35 

4-71 


■26 

•27 
■28 


•42 
■44 
■46 


■63 
•61 
•63 



The air standard efficiencies have been calculated from the 

/ J \ 0-408 

relation E = 1 — ( — ) , using the compression ratios given in 



the first column. 

The measured efficiencies obtained are therefore of the order 
of 60 per cent, of the theoretical efficiencies calculated upon the 
air standard. 

If, however, the measured efficiencies be compared with those 
for an engine working, not upon air, but with the actual petrol air 

* "' The Thermal Efficiency of a Four-Cylinder Petrol Engine," Proc. 
I.A.E., 1908. 
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mixtiire employed, and if allowance be made for the fact that the 
specific heat of the gases increases with temperature, then a fairer 
basis of comparison will be obtained. For comparison purposes 
this modified ideal efficiency will be termed the Corrected Ideal 
Efficiency. 

If therefore in the above results due allowance be made for these 
properties of the working substance, and the measured thermal 
efficiencies be compared with the corrected ideal efficiencies, it can 
be shown from the results that the relative efficiency of the petrol 
engine to the ideal is comparatively high. 

The ideal corrected efficiencies have been calculated for petrol 
air mixtures and are given in the table below. 





TABLE 


XXII 




Compression 
Ratio. 


Measured 
Efficiency. 


Corrected Ideal 
Efficiency. 


Relative 
Efficiency. 


3-92 
4-35 
4-71 


•26 
■27 
•28 


•34 
•35 
•37 


•76 

•77 
•77 



The relative efficiencies are now about 75 per cent, of the maxi- 
mum possible efficiencies ; it is therefore evident that it is only 
possible to increase the actual efficiencies realized in practice by 
about 25 per cent, in order to attain ideal efficiency, or in other 
words, if all heat losses to the cooling water, by radiation and by 
the escaping exhaust gases, were prevented, an increase of effici- 
ency of less than 25 per cent, would be possible. Much time and 
ingenuity have been wasted in connexion with attempts at drastic 
improvements to the efficiencies of internal combustion engines. 

Variation of Efficiency with Mixture Constitution. 

Since the quantity of fuel supplied per working stroke of the 
engine represents a certain amount of available heat energy, the 
thermal efficiency will depend upon the amount of fuel supplied, 
and upon the proportion of this fuel which is actually usefully 
combusted, so that the proportions of petrol and air in a given 
volume of explosive mixture wiU determine to a great extent the 
value of the thermal efficiency obtained. 

For example, if the explosive mixture be richer in petrol than 
the mixture for complete combustion, or the " optimum mixture," 
as it is now termed, then part of the fuel wiU be incompletely com- 
busted, and will therefore pass out into the exhaust without having 
yielded its maximum heat energy of combustion, so that it is to 
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be expected that ultra-rich mixtures, representing fuel wastage, 
will show comparatively low thermal efficiency values. 

In the case of ultra-weak mixtures which yield low efficiencies, 
slowness of combustion, and heat absorption by the surplus air 
present, etc., are the governing influences ; but in the exceptionally 
weak mixtures upon which the petrol engine can be made to run, 
there is no doubt that the prolonged period of combustion, and 
the relatively small quantity of fuel present in the cylinder 
contents, will explain the lower efficiencies obtained. 

These contentions are supported by the results of experiments * 
made upon a four-cylinder Talbot engine, in which conditions 
such as the speed, jacket water temperature, etc., were kept con- 
stant, and measurements of the indicated horse power and mixture 
strength were made simultaneously. 

The results of these tests are shown plotted in Fig. 56, from 
which it will be seen that, 
commencing with very 
weak mixtures, the effi- 
ciency rapidly rises as the 
mixture becomes richer in 
petrol, and ultimately 
reaches a maximum for 
a mixture strength in. the 
proportions of about 
seventeen parts of air, by 
weight, to one of petrol. 

It should here be mentioned that the " optimum " mixture 
necessary for complete combustion is composed of about 1475 parts 
of air to one of petrol, for the -720 density petrol as used in these 
tests. (This ratio varies somewhat with the grade of petrol 
used.) 

Proceeding with the above considerations, it will be seen that 
after reaching a maximum for the 17-0 mixture, the efficiency 
begins to decrease, and continues to decrease at a more or less 
uniform rate as the mixture becomes richer and richer in petrol, 
right down to the strongest mixture upon which the engine will 
work. 

With the weakest mixtures the engine tends to run irregularly, 
and unless the petrol is properly atomized it is difficult to obtain 
consistent running ; this is further enhanced by the slowness of 
the propagation of the flame, which in some cases is so marked 
that when the inlet valve opens to admit a fresh charge this is 
ignited by the previous charge being still burning throughout the 
* Proc. Inst. Aut. Engineers, 1908. 



^26 



18 



20 



18 16 14 

Mixture Strength. 

Fig. 56. 
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exhaust stroke — a phenomenon akeady alluded to as " popping 
back " in the carburettor. 

Erom the above results, it will be observed that the mixture 
strength giving maximum thermal efficiency is decidedly weaker 
than that which yields complete combustion ; from this it neces- 
sarily follows that in order to obtain the highest fuel economy the 
engine should be run upon mixtures rather upon the weak side of 
the optimum mixture. 

Consider next the reasons why this weaker mixture should give 
the highest efficiency of any mixture. 

Commencing with the optimum mixture, and gradually reducing 
the strength of the mixture, it will be seen that the total heat of 
combustion becomes reduced ; that is, the temperature reached 
after combustion becomes lower. The effect of lowering this maxi- 
mum temperature is twofold. In the first place, since the heat losses 
from the combusting charge to the walls is dependent upon the 
temperature, this loss will be lower at lower temperatures, so that a 
smaller proportion of the heat developed will be lost to the cylinder 
walls. In the second case, since the specific heat of the gases 
increases with the temperature, the mean specific heat for the range 
of temperature obtained with the weaker mixtures will be lower. 

From what has already been mentioned in Chapter III, dealing 
with Combustion and Explosion, it will be evident that the lower the 
mean specific heat, the greater will be the rise of pressure pro- 
duced by a given quantity of heat, and hence the net effect of 
lowering the mean specific heat will be to increase the indicated 
horse power, and thus give for the same heat supply more effective 
work. 

The combined influence of reduced wall losses and lower mean 
specific heats will thus cause the efficiency to increase up to a 
certain point of mixtiire weakness, beyond which the greater 
opposing influence of slow combustion wiU result in a decrease in 
this efficiency, this falling off becoming more and more enhanced 
as the mixture is progressively weakened beyond the point of 
maximum efficiency. 

The results of experiments made at different compression pres- 
sures show that this variation of efficiency with mixture strength 
obeys the same type of general curve as that shown in Fig. 56, 
although the actual values of the maximum efficiencies reached 
were different, but occurred very nearly at the same value of the 
weaker mixture strength shown in the figure. 

There is a slight tendency, however, for the maximum efficiencies 
to occm: with the rather weaker mixtures than the one shown ia 
Fig. 56, in the case of higher compression pressures. 
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Thus the curves marked A, B, and C in Fig. 57 were obtained 
with three different compression ratios of 4-71, 4-35, and 3-92 
respectively, in the same engine and running at the same speed. 

It will be seen from this figure that the most efficient mixture 
is at about 17-4 in the case A, whereas for B it is 170, and for C, 
the lowest compression pressure, it occurs at about 16. 

The probable explanation of this effect is that with the higher 
compressions, the maximum temperatures attained are higher, so 
that the reduction in the heat loss and mean specific heat will be 
more effective as the mixture is weakened than in the case of 
lower compressions, and therefore in the maximum temperatures. 

This effect of the compression upon the mixture strength at 
which maximum efficiency occurs must not, however, be confused 
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with the direct influence of degree of compression upon the 
efficiency to be considered later. 



Variation of Thermal Efiiciency with Nature of Fuel. 

It is interesting to note the manner in which the values, and 
the mode of variation, of the thermal efficiency are affected by 
the nature of the fuel employed. 

Three liquid fuels are here considered, namely, petrol, benzole, 
and alcohol, all of which are capable of being utiHzed in petrol- 
type engines. The results of some tests made by Dr. Watson * 
upon a sleeve valve engine with these respective fuels are illus- 
trated in Mg. 58. 

The same compression pressure and engine speed conditions 
were employed in each case, and the same carburettor, which was 
of the two-jet type, was used for all the fuels, with the addition 
* Proc, Inst. Aut. Engineers, 1914, 
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of a heating or vaporizing arrangement, and larger jet for the 
alcohol mixtures (methylated spirits being used in these cases). 

Under these conditions, the curves show that the thermal efficiency 
with alcohol is greater than either of the other fuels, benzole being 
next, and petrol the lowest. 



32 

i 30 

a 

^ 28 

ft 

£■20 

a 
2 
2 24 

m 

~. 22 
^ 20 



18 

































— 




^ 














ft" 












■^ 




k 


'^^ 










T 












^ 


K 


1 


^ 

s. 










N 
















\ 


\ 


\ 










\ 
















\ 


N 


\ 








\ 


















\ 










\ 



20 



30 



18 



18 16 14 12 ID 8 6 

Proportions of Air to Fuel (by weight). 

Fig. 58. — Vaeiation of Thermal Efficiestoy with Fuel Mixture. 



The maximum values and mixture proportions for the three 
fuels are given below in. Table XXIII. 

TABLE XXIII 



Fuel. 


Parts 5^' by Weight. 


Maximum Thermal 
Efficiency per cent. 


Alcohol . 

Benzole 

Petrol . . 


11-5 
18-5 
19 


30 
29-4 
28-0 



The ranges of mixtures employable with the three fuels are 
about the same in each case. 

It should be remembered, in making comparisons of thermal 
efficiencies, that different fuels, for the maximum efficiencies under 
working conditions, require different compression pressures. 

Alcohol, when employed in an internal combustion engine, 
requires, for the best efficiencies, a compression pressure varying 
from 150 to 200 lbs. per sq. inch, and yields thermal efficiencies 
of from 35 to 38 per cent., which is about 25 per cent, greater than 
for petrol. 

Again, benzole, as used in petrol engines, although giving better 
thermal efficiencies at the same compression pressures, will yield the 
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best results when the compression pressure is from 10 to 15 per 
cent, higher than with petrol. 

In connexion with the use of alcohol in petrol engines, the better 
thermal efficiencies obtained have been explained by Continental 
authorities as being due to the slower rate of flame propagation, 
and consequently more uniform and lower temperatures evolved. 
The losses of heat to the cylinde r walls, which increase as the tem- 
perature of explosion increases, will be correspondingly less, although 
the duration of the period of high temperatures or combustion will 
be longer. 

Dr. Ormandy,* who has experimented with different fuel mix- 
tures in petrol-type engines, gives the interesting results illustrated 
in Fig. 59, showing the variation of the thermal efficiency with 
engine speed for different fuel mixtures. 

It will be noticed that the alcohol mixtures with benzole give 
the highest thermal efficiencies. 

In connexion with the practical value of different fuels possessing 
high thermal efficiencies, it must be understood that a high thermal 
efficiency does not necessarily imply a low fuel consumption for 
a given horse power output. 

Since the thermal efficiency varies inversely as the product of 
the quantity of fuel and its thermal capacity or heating value, it 
follows that if the latter factor be relatively small, the former 
must be higher for the same thermal efficiency and I.H.P. 

In the case of petrol having a heating value of 19,600 B.T.U.s 
per lb., the consumption 
per B.H.P. hour on the 
average was 0-68 pint, ^ 
whilst with alcohol, whose g 24 
heating value is about s 
9,800, the fuel consumption ^ 
worked out at -95 pint per S 22 
B.H.P. hour when used in | 
the same engine under the 
same working conditions of 
speed and compression, etc. 

Fig. 60 illustrates graphi- 
cally the fuel consumptions 
of some of the fuel mixtures 
tested in a petrol engine by 
Dr. Ormandy. These curves 
correspond with those given 
in Fig. 59. Fig. 59. 

* " Some Experiments on Mixed Fuels," Proc. Inst. Aut. Engineers, 1913-14. 
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The relatively greater fuel 
consumption of the alcohol 
mixture is marked, and if 
the results be interpreted 
upon a basis of cost per 
gallon, say, of the fuel, 
then alcohol would 
appear to be a dear 
fuel to use, in place of 
petrol, in ordinary petrol 
engines. 



Influence of Compression upon Efficiency. 

From both theoretical and practical considerations it can be 
sho-wn that the thermal efficiency increases with the compression 
pressure for the same speed and mixture strength. 

Dealing with the theoretical aspect, in the first instance it 
has been shown, that in the case of an engine working upon 



the Otto cycle the efficiency can be expressed as E = 1 



{^r 



where y is the ratio of the specific heats at constant pressure and 
volume respectively, and r is the compression ratio (which is of 
course directly proportional to the compression pressure). 

As this compression ratio is increased the second term upon the 
right-hand side diminishes, and therefore the efficiency increases, 
and further, when r = oo the efficiency is unity ; that is, if the gas 
could be compressed indefinitely, the useful work given out during 
the cycle of operations would be equal to the heat supplied to the 
gases. 

From the practical point of view, the effect of increased compres- 
sion ratio is to affect the thermal efficiency in several ways, which 
will be studied indiAadually herewith. 

The losses of heat from the explosive mixture which occur in 
an internal combustion engine depend, amongst other things, 
upon : — 

(1) The total internal area of the exposed walls. 

(2) The time of duration of the heat loss. 

(3) The density of the charge. 

The total internal area, in an engine, exposed at the end of the 
compression stroke wiU be relatively smaller as the compression 
ratio is increased. 

This can be shown in an elementary manner by considering the 
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combustion chamber to be cylindrical and with a flat head, the 
piston also being flat-headed. 

The ratio of the surface exposed at the end of the compression 
stroke to the total area at the beginning of the same stroke will 
be inversely proportional to the compression ratio, that is to the 
final and initial cyUnder lengths. 

The effect of smaller area exposure is to reduce the heat loss 
due to area exposed, although this is to some extent, as we shall 
see later, eoimteracted by the effect of increased density. 

The effect of increased compression pressure is also to cause the 
duration of the time of explosion, or period of attainment of maxi- 
mum pressure and combustion to be shorter, so that the time during 
which the greater part of the heat loss occurs is reduced. 

Incidentally, it might be mentioned here that as engines with 
higher compressions generally run at higher speeds, the effect of 
duration of the period of heat loss is still further reduced. 

Considering, lastly, the influence of density of the charge upon 
heat loss, although this has already been dealt with in Chapter III, 
the results might be briefly summed up here by saying that as the 
compression ratio is increased, the density of the charge goes up 
and the temperature of compression increases ; this increase in 
temperature is not much, however, and only amounts to about 
100° C. for an increase in the compression ratio of from 4 to 6. 

The heat flow will slightly increase for this reason, but not in 
proportion to the density, and at the same time the area of the 
walls is smaller. 

The net effect, then, of factors (1), (2) and (3) is to cause a 
decrease in the heat loss from the charge to the cylinder walls, 
as the compression pressure is increased up to a certain limit. 

Further, as the compression ratio 
is increased, the ratio of cylinder 
volume to clearance volume in- 
creases, as will be seen from Fig. 61, 
which represents two engines of 
equal bore and stroke, in one of 
which, A, the clearance volume is, 
owing to the higher compression 
ratio, smaller than in the second, 
case B, the working volumes being 
the same. 

The ratio of the working volume to the clearance volume is 
greater in case A than in case B. 

From this it follows that there is a smaller volume of residual 
exhaust gases to mix with, or to dilute, the incoming fresh charge, 



A. B. 

A. — Working Volume = 4. 
B. — Working Volume -=3. 



Fig. 61. 
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and within fairly wide limits this diminution in exhaust gas dilution 
increases the efficiency, as a relatively larger volume of the charge 
enters into action as the compression ratio increases. 

It has further been shown by closed vessel experiments that the 
higher the compression pressure the quicker the explosion period 
is and the higher were the pressmes obtained. 

Pressure Data for Petrol Engines. 

In the ease of petrol engines, the higher pressures of explosion 
for higher compression pressures are shown, both upon the indica- 
tor diagram and from power output measurements ; and there 
exists a rough empirical relation between the compression and 
explosion pressures, which can be expressed as Pj, = a.Pj, where 
a is a constant usually taken for design purposes as being between 
3-5 and 4-0 for petrol engines working under the best conditions, 
and upon the four-cycle principle ; P,. and P^ being respectively 
the explosion and compression pressures. 

In the case of two-stroke engines of the three-port type, non- 
scavenged, and employing crankcase compression, the approximate 
empirical relation connecting the compression and explosion pres- 
sures is given by Pj, = 3-3 to 3-8 P^ for four-cycle engines, and by 
the relation Pj, = 2-9 to 3-6 for two-cycle engines. 

These relations are deduced from the results of a large number 
of measurements of indicator diagrams. 

In the same way, there is a certain general relation existing 
between the compression pressure and the mean effective pressure 
reckoned on the indicated horse power. 

The results of the Horse Power Rating Committee's investiga- 
tions,* together with those of numerous other tests which have 
been made upon foin-cycle petrol engines, show that the following 
approximate relations between the compression pressure P^ and 
the mean effective pressure P^, reckoned on the indicated power, 
exist, namely, P„ = c-P„, where c is a constant. 

The value of the constant c varies, in the extreme cases, between 
1-45 for highly efficient engines down to 0-40 for poor types. 

Engines with compression ratios between 4-0 and 5-0 give an 
average value for c = -60, whilst for compression ratios between 
3-5 and 4-0 an average value for c^ -65, and finally for com- 
pression ratios between 2-7 and 3-5, on the average c = -75. 

These relations tend to show that engines with high compressions 
do not give, relatively, such high mean effective pressures as the 
medium compression engines. 

* Proc. Inst. Aut. Engineers, 1910-11. 
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The Effect of Compression. 

From the above statements it will be seen that the chief beneficial 
influence of compression upon engine efficiency is to cause the 
maximum explosion pressure and the mean effective pressure upon 
the piston to be higher, due, of course, to the greater range of 
expansion. 

With the same terminal pressure in each case, the effect of higher 
compression is to enlarge the area of the indicator diagram for 
the same quantity of gaseous mixture, that is, for the same fuel 
consumption. This is shown diagrammaticaUy in Fig. 62, the 
dotted diagram representing the higher compression one. 

The influence of com- 
pression upon thermal 
efficiency is well defined 
in the case of the gas 
engine, and much more 
information is available 
for this type of engine. 
A brief survey of gas 
engine results will help 
to show, by analogy, the 
effects of compression in 
petrol engines. 

Practically the whole 
history of the develop- 
ment of the gas engine 
and of its great improve- 
ment is due to the increasing compression pressures and conse- 
quent thermal efficiency increase. 

Thus the earlier types of gas engine utilized compressions of 
about 50 lbs. per sq. inch, absolute, and the thermal efficiencies 
were about 16 per cent, in the best cases. 

Through intermediate stages of increase in compression we come 
to the case of the modern gas engine employing compression 
pressures of 150 lbs. per sq. inch and over, and yielding thermal 
efficiencies of about 37 per cent. 

Some interesting results were obtained by the Gas Engine 
Research Committee of the Institution of Mechanical Engineers 
in their experiments in 1908 upon a Premier gas engine of 16 inches 
diameter and 24 inches stroke, using different compression pressures. 

Measurements of the fuel consumption and of the indicated 
horse power at various compressions, very conclusively showed 
that commencing with a compression ratio of 4-0 and gradually 
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increasing this ratio, the thermal efficiency increased practically 
at the same rate at first, and at a slightly lower rate near the highest 
compression ratio of 8'0 employed. 

The lowest measured efficiency was about 30 per cent, with the 
lower compression ratio, and about 40 per cent, with the higher 
ratio. 

The general relation between the thermal efficiency and com- 
pression ratio can be seen in. Fig. 63, which shows the results, given 

by Clerk, of the above 
tests. 

Unfortunately, with 
the exception of Dr. 
Watson's results already 
mentioned, there do not 
appear to be any other 
reliable parallel experi- 
ments, at the time of 
writing, of the above 
nature, ia the case of 
petrol engines. The re- 
sults of Dr. Watson's 
tests are interesting in 
this connexion, but as 
the range of compression ratios employed, namely, from 3-9 to 
4-7, is rather limited, no general deductions can be made. 

In the case of petrol engines, the range of compression ratios 
available in practice is much smaller than in the case of the gas 
engine, and so the maximum possible efficiencies are necessarily 
lower. 
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ENOY WITH COMPEESSION IN A GaS ENGINE. 



Limits of Compression ill Petrol Engines. 

As in the case of the gas engine, the compression ratios were also 
low in the petrol engine in its early stages of development, and 
consequently efficiencies and fuel consumptions were thereby 
adversely effected. 

The modem engine has a relatively much higher compression 
ratio, lying between 3-5 and 50 for ordinary touring engines, and 
at 5-0 and above for racing engines. 

The limits of compression are fixed by several factors in practice, 
such as by the tendency to preignition of the charge, the strength 
of the working parts, heat losses to the walls, etc. 

The higher the compression the higher wiU be the explosion 
pressure and temperature developed, and the effects of high explo- 
sion temperatures are to increase the heat losses during explosion 
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and expansion to the walls, and to increase the mean temperature 
of the piston head and cylinder walls, so that the incoming charge 
is heated more ; and this heating, in addition to the heat of com- 
pression, tends to bring the temperature of the mixture to its ignition 
point before the end of the compression stroke is reached, and 
before the spark occurs. In this manner the charge tends to self- 
ignite if the compression pressure is too high, and once this pre- 
mature ignition occurs it will go on occurring earlier and earlier 
ia the compression stroke, until the engine ceases to work at all. 

Another adverse effect of ultra-high compression is that the total 
charge weight of inducted mixture is lower, owiag to the higher 
mean temperature of the cylinder walls, which heats the incoming 
charge and thereby reduces its density, so that a small weight of 
the mixture remains at the end of the suction stroke. 

Apart from the explosion temperature being higher, the exhaust 
gases are usually hotter, and the effect of their dilution of the fresh 
charge is also to increase its initial temperature ; further, the higher 
the compression pressure, the greater will be the loss of heat to the 
walls during the compression period. 

The design of the valves, their periods of opening and closing, 
and the cooling arrangements require considerably more attention 
when the higher compressions are used. 

Another disadvantageous effect of increased cylinder and piston 
temperatures is that due to temperature stresses set up, owing to 
the necessary and unavoidable irregularities in the disposition of 
the material of the cylinder and piston due to its design. 

In the ease of larger oil and gas engines these temperature stresses 
and distortions reach more serious proportions, and it may be said 
that the sizes of these engines are practically limited by these 
considerations. 

Obviously the effect of increased maximum explosion pressures 
is to require stronger parts, and therefore, in general, heavier engines, 
for the chief stresses set up in an ordinary engine are due to the 
explosion pressure, and as this is for all practical purposes propor- 
tional to the compression pressure, it might be broadly stated that 
the strength and weight of an engine is proportional to the com- 
pression pressure. 

Modem petrol engine practice is generally towards moderately 
high compressions, (but not ultra-high), and higher engine speeds, 
and the exigencies of this practice are met with by utilizing better, 
more durable and stronger material, and lubrication arrangements, 
to keep the working parts as light and strong as possible, and to 
wear fairly well at the same time. There are of course other factors, 
which are beyond the scope of the present chapter. 
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It ■will be seen from the above considerations that the upper 
hmit of compression pressure is fixed by several factors, such as 
the temeprature of the cylinder walls, the explosion stresses, and 
the tendency towards detonation and premature ignition, heat 
losses to the walls, etc. 

Experiments which have been made upon relatively large gas 
engines by Clerk,* Hopkinson, Bm-stalljf and others, in which 
high compressions have been employed, tend to • show that the 
limit of useful compression is somewhere in the region of 200 lbs. 
per sq. inch, and which corresponds with a compression ratio of 
about 7-5. 

In connexion with the limit of useful compression, it may he 
of interest to quote Dugald Clerk, who states that : ■' Such a 
compression as 210 lbs. per sq. inch above atmosphere would 
produce, with an explosion temperature of 1,600° C, a maximum 
presstue of 675 lbs. per sq. inch above atmosphere, and this would 
involve an engine of nearly double the weight of working parts as 
compared with the engine tested by himself (Clerk) at Messrs. 
Crossley's, with but a small increase in power for the great 
increase in weight. 

" He (Clerk) accordingly considers a compression of 200 lbs. per 
sq. inch as considerably above the limit likely to be useful in a 
simple gas engiae ; to render such compressions possible he con- 
siders that compound engines will be required. 

" The gas engine, in his (Clerk's) opinion, is now rapidly nearing 
the limit of advantageously increased compression, so that no 
further economy is to be expected — this view was shared by many 
gas engine designers." 

In the case of the petrol engine of car practice, the limit of possible 
compression pressure increase is no doubt lower, chiefly on account 
of its size and speed of working, and also for other reasons. 

Compression ratios of 5-5 have been used in exceptional cases 
of racing-car engines, corresponding to pressures of about 140 lbs. 
per sq. inch, and all of the evidence available at the present moment 
would tend to show that the maximum possible Umit to the com- 
pression ratio with ordinary petrol air mixtures and with the 
present type of petrol engine is about 6-0, corresponding with a 
compression pressure of about 160 lbs. per sq. inch. 

Efiect of Cylinder Dimensions and Shapes upon Efficiency. 

Dealing firstly with the effect of the actual design of combustion 
chamber upon the thermal efficiency, it is evident that as the 

* The Gas, Petrol and Oil Engine, Dugald Clerk, 1909. 

t Proc. Inst, of Mech. Engineers, 1908 (Gas Engine Research). 
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average explosion pressure developed from a given quantity of 
explosive mixture depends a great deal upon the amount of heat 
abstracted during the period of ignition by the walls of the sur- 
rounding surfaces, that the actual shape of the combustion chamber 
will exercise an appreciable influence upon the thermal efficiency. 

Broadly speaking, it the walls of the combustion head are of large 
area compared with the clearance volume, then the amount of the 
heat loss to the walls during the combustion period will be greater 
and the pressure developed will be lower in consequence. 

Some comparison figures taken from Dr. Watson's tests are 
given in Table XXIV ; these figures will give some idea of the ratios 
of combustion chamber area to clearance, or combustion chamber 
volume in the case of a motor-car engine with the valves upon 
opposite sides of the combustion chamber, or what is commonly 
known as a T-headed engine. 



TABLE 


XXIV 






Ratio of Surface 


Volume of 




to Volume. 


Clearance. 


fA 


2-01 


184 c.c. 


Actual Engine T-headed . . 1 B . 


1-86 


203 „ 


Ic . 


1-69 


233 „ 


jA 


0-99 


184 „ 


Hemispherical Combustion Head \ B . 


0-94 


203 „ 


^C . 


0-88 


233 „ 



The engine in case A was of higher compression than in the 
normal case B ; this result was obtained by fitting aluminium 
caps upon the piston heads, whereas in case C a lower compression 
was obtained by the insertion of liners between the cylinder flanges 
and the crank case. 

In Table XXIV, the corresponding ratios for a hemispherical 
combustion chamber and flat piston head are also given for com- 
parison purposes. 

It will be observed that in the latter case the ratio of surface to 
volume is only about 50 per cent, of that occurring in the actual 
engine tested for each of the compressions used. 

Several successful racing-car engines and many present-day 
aeroplane engines have combustion chambers approximating to the 
hemispherical shape, but it should here be noted that in order to 
obtain any comparative results of thermal efficiencies for different 
engines several important points have to be considered. 

In the same engine, the thermal efficiency is dependent upon 
such factors as compression ratio, mixture strength, volumetric 
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efi&ciency, speed, etc., so that for a comparison of the relative values 
of combustion chambers of varying shapes the conditions of com- 
parison should be identical, it they are to be of any scientific or 
real value at all. 

These all-important factors appear to be ignored in many com- 
parisons, as the results of practical tests, put forward from time 
to time ia contention of the relative unimportance of combustion 
chamber design. 

There can be little doubt that this factor of combustion chamber 
shape does exercise an influence upon the thermal efficiency apart 
from other considerations of charge induction, and heating, exhaust 
products ejection, etc., from the heat-loss point of view. 

It should not be forgotten, however, that in the same combustion 
chamber the loss of heat from the exploding charge to the walls 
depends also upon the nature of the wall surfaces. 

Thus if the walls are highly polished, the heat radiated from the 
charge wiU be less readily absorbed by the walls, and a higher 
thermal efficiency will result, as mentioned in Chapter III. 

If the walls are left in the rough state as oast, the absorption of 
heat will be greater than in the preceding case, as Hopkinson's tests 
with explosion vessels prove. Moreover, these results are borne 
out by the results of actual tests upon a gas engine with a polished 
combustion chamber, in which an appreciable increase in the ther- 
mal efficiency (and mean effective pressure) have been measured.* 

Again, in petrol engines in which a coating of carbon deposit has 
occurred in the combustion chamber, this layer of carbon, having 
a conductivity of about -5V that of iron, will be at a relatively higher 
temperature, owing to its bad conductivity, than the plain iron 
walls would be, and so the rate of heat loss to these carbon-coated 
walls would be reduced upon this account, and less heat would be 
abstracted from the combusting charge. 

It will thus be evident that in comparing the performances of 
different engines having differently shaped combustion chambers, 
account should certainly be taken of the above-mentioned factors. 

Coming next to te consideration of the effect of cylinder dimen- 
sions upon thermal efficiency, it would assist the reader to a clearer 
understanding of this important factor to refer to CaUendar's original 
Paper entitled " The Effect of Size on the Thermal Efficiency of 
Motors," t upon which the following deductions are based. 

The heat loss to the waUs in an engine is a fimction of the volume 
of the cylinder, and of the area of the internal walls. 

Since the volume varies as the cube of the linear dimensions, and 

* Gaseous Explosions Committee's Report, 1909, 
t Proc, Inst. Aut. Engineers, May 8, 1907. 
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the area as the square, it follows that the heat loss in different 

sized engines will vary as the ratio — ; , that is, inversely as 

volume 

their diameters. 

This is taken into account in Callendar's expression for the 

relative efficiency of different engines, namely : — 

Relative Efficiency = Ef 1 — ^ — — =- j 

where E is the theoretical limit of efficiency which is attainable 
in a petrol engine, taking into account the varying specific heat 
of the gases, and assuming no thermal losses to the jacket by 
radiation, etc. (this is about 80 per cent, of the air standard 
efficiency) . 

The second term in the bracket represents the ratio of surface to~ 
volume, A being a constant, and which represents the cooling 
correction. 

The last term takes into account the effect of speed upon the 
thermal efficiency ; this will be considered hereafter more fully. 

It is assumed that the strength of mixture, nature of surface, 
etc., are the same in each case, or at least that due allowance in 
the value of the theoretical Umit E is made. 

The above formula is based upon the assumption that the whole 

A B 

loss of efficiency -- + ^- expressed as a fraction of the theoretical 
D nD 

limit E (which may be taken as -80 for petrol engines) is propor- 
tional to the ratio of surface to volume ( ^pr) for similar motors. 

In order that the values of the constants A and B should be 
the same for similar engines, it is necessary that the stroke bore 

ratio — should be proportional to (r — 1), where r is the compression 

ratio. 

In CaUendar's formula, the effect of valve pockets is not taken 
into account, and it is considered as possible that either the valve 
pockets are more liable to become coated with carbon deposit 
or that the turbulent motion of the induction stroke is more quickly 
damped out, so that they may be disregarded as influencing the 
thermal efficiency. 

It therefore follows from the above formula that the thermal 
or relative efficiency of an internal combustion engine becomes 
greater as the diameter of the cylinder increases for engines of 
pimilar design and condition, working at the same piston speeds. 

Upon this result, the efficiency of the smaller sizes of petrol engines 
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would appear to be correspondingly low, that is to say, their rela- 
tive fuel consumptions per horse-power hour should be higher. 

It is of interest to note that the results yielded by CaUendar's 
formula when applied to such diverse cases as small air-cooled 
petrol engines, motor-car engines and large gas engines, give values 
for the efficiencies corresponding closely with the observed values, 
when the conditions under which the observations are made are 
the same, or when due allowances are made for varying conditions. 

Relative Thermal Efficiencies of Long and Short Stroke 
Engines. 

It is interesting to compare theoretically the thermal efficiencies 
of two engines of the same capacity but with different stroke-bore 
ratios. 

The shorter stroke engine being designated by the letter A and 
the longer stroke engine by the letter B, then, it we assume the 
same compression ratio and piston speed in each case, B wiU have 
a smaller ratio of combustion space area to volume than A, so that 
during the explosion period the heat loss to the walls (assumed at 
constant volume) wiU be less for the longer stroke. 

Upon the other hand, the piston speeds being the same, B will 
run at a lower rate of revolution than A, so that the period of the 
explosion stroke will be relatively longer in B's case (in fact the 
periods of the explosion or expansion strokes will be directly as 
the length of stroke), so that the expanding gases will remain in 
contact with the cooler waUs longer in B's case ; therefore the long 
stroke scores in efficiency over the short stroke for the first reason, 
but this efiect is opposed by that mentioned in the second case. 

It is probable, therefore, that at the same piston speeds and com- 
pression ratios that the shorter stroke will show the better efficiency, 
owing to a predomination of the second factor mentioned. Actual 
tests go to show that at low piston speeds the short stroke engine has 
a somewhat better thermal efficiency, and hence for a given fuel con- 
sumption yields a higher power, due chiefly to the shorter expansion 
stroke interval. At higher speeds, however, the long stroke engine is 
probably the more efficient, as it can run at higher piston speeds, 
for it is the rate of engine revolutions which limit the power of an 
engine, other things being the same. 

Another important influence also demands consideration here, 
namely, the compression ratio ; this has been taken as being the 
same in each case, but it is quite possible (and practical) to employ 
a higher compression with the longer stroke engine, since the cool- 
ing efiect of the walls during the compression stroke will be more 
marked in reducing the compression temperature, and it is the 
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temperature at the end of the compression stroke which limits the 
compression pressure, for beyond a certain final compression tem- 
perature preignition occurs. This increased compression results in 
an increased thermal efficiency, as already mentioned. 

From the point of view of thermal efficiency, therefore, it is 
quite probable, and tests bear out this supposition, that the smaller 
combustion area, higher piston speed, and increased compression 
ratio of the longer stroke engine, give it some advantage over the 
shorter stroke engine, in spite of the greater cooling effect upon the 
expanding gases, but that at moderate piston speeds the shorter 
stroke engine will not differ appreciably from the longer stroke. 

The differences between the two types of engine can be repre- 
sented upon the iadicator diagram as shown in Fig. 64, in which 
the cooling effect of 
expansion in the case 
of the longer stroke, 
the higher compression 
(and consequent higher 
explosion pressure) are 
shown by the dotted 
lines, whilst the dia- 
gram for the shorter 
stroke type is shown 
shaded. 

It can be shown by 
actual numerical ex- 
amples that unless 
there is a fairly marked 

difference between the two compression ratios, the results obtained, 
so far as thermal efficiency are concerned, will be very much the 
same. 

Thus for any real advantage, the stroke-bore ratio should be 
at least 1-5 ; below this ratio the difference in thermal efficiency is 
practically negligible. 

The Offset Cylinder. 

Whilst dealing with the effect of cylinder dimensions and pro- 
portions upon thermal efficiency, it is of interest to here mention 
the " desaxe " or offset cylinder. 

As will be shown later, the " desaxe " cylinder gives a somewhat 
longer period to the explosion stroke, as compared with the normal 
type, so that the cooling effect will be greater, and this will adversely 
affect the efficiency. 

On the other hand the piston travels more slowly on the induction 
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stroke, so that a greater charge volume is inducted, and a somewhat 
cooler charge results. 

The explosion pressure will therefore be higher, and the maxi- 
mum temperature higher, with a correspondiug iacrease in the 
thermal efficiency. The two effects are in. the opposite direction, 
but it is probable that the latter mentioned effect outweighs the 
former. 

Unless, however, the offsetting of the cylinders is appreciable, 
that is, greater than the few millimetres usually allowed in motor 
engineering practice, no appreciable difference in efficiency will result. 

It should be mentioned, in conclusion, that the " desaxe " cylin- 
der is adopted, not for thermal efficiency reasons, but in connexion 
with reduced piston thrust upon the cylinder waUs during the 
firing stroke. 

The Effect of Speed upon Thermal Efficiency. 

It is generally known that as the speed of a petrol engine is 
increased up to a certain limit, the thermal efficiency increases. 

It is not very difficult to understand why this should be so, 
for considering an extreme case when the engine is running very 
slowly, the time of the suction stroke will enable the inducted 
charge to attain the temperature of the cylinder more readily, 
and wiU thus tend to reduce the charge density. During the 
compression stroke the charge will part with a greater fraction 
of its internal heat to the cylinder waUs, and more importantly 
stni, the heat loss to the cyhnder walls during the explosion stroke 
wiU be relatively much greater, and the efficiency will consequently 
be lower on this account. Raising the compression, theoretically, 
should be advantageous to slow-running petrol engines in reducing 
part of the heat losses. 

On the other hand, when the engine is running at a high speed, 
the duration of the periods of charging, compressing, and explod- 
ing the mixture will be relatively much smaller, and the quantita- 
tive values of the heat exchange between the charge (either imbumt 
or when combusted) and the cyhnder walls will be smaller. 

During the explosion stroke the heat loss to the cylinder waUs 
wiU be smaller, so that one would reasonably anticipate a some- 
what better efficiency at higher speeds from these considerations. 

It was expected, upon theoretical grounds, that the thermal 
efficiency of the relatively small-sized petrol engines would be low 
as compared with those of large gas engines, but the results of 
actual experiments, such as those of Watson, Hopkinson, Neu- 
mann, and others, prove that the relative efficiencies of these 
httle engines compare very favourably with those of large gas 
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engines ; this has been shown to be chiefly on account of the very 
much higher speeds at which they run. 

Fig. 65 illustrates the results of some measurements of thermal 
efficiencies at different engine speeds, made by the author, upon 
a four-cylinder Talbot engine. 

An examination of either of the curves given in the figure shows 
that the efficiency increases fairly uniformly up to a certain limit- 
ing speed, beyond which it tends to fall off again ; this is probably 
because of the limiting efficient cylinder temperatures having been 
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reached. The curves also show that the efficiency of the partially 
throttled engine [running at | fuU power] is higher than when run- 
ning at full power. It has been stated by competent authorities, 
that from the fuel economy point of view, a large engine running 
normally upon part throttle, is better than a high speed engine 
working at full power. 

Any higher temperatures would probably result in successive 
heating of the incoming charge, causing a falling off in charge 
weight, and tendency towards preignition. 

Apart from temperature considerations, practical points con- 
nected iaherently with the design of the valves and gas passages, 
weight of the moving parts, etc., fix an upper limit to the speed. 

Generally speaking, however, the best thermal efficiency is 
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attained at some pDint before the maximum speed of the engine is 
reached, so that at this speed the thermal efficiency, and therefore 
the fuel consumption, per brake-horse-power hour will be lower. 

Many transmission inventions, that have been brought out at 
different times ia the history of the motor-car, have aimed at run- 
ning the engine at its maximum thermally efficient speed perman- 
ently, and obtaining various gear ratios by suitable mechanical 
means, so that the constant torque of the engine could be reduced 
to any degree at the road wheels. 

Turning again to the theoretical aspect, in CaUendar's formula 
for the relative efficiency of a petrol engine of cylinder diameter 
D, there is a term to include the effect of speed. 

This formula is usually given as : — 

Relative Efficiency = -80 1 — -- — — 
^ L D nDJ 

The term - , where B is a constant, represents the speed factor, 
nV 

n being the number of revolutions per minute. 

It will be seen that as the speed increases, this term becomes 
relatively smaller, and the efficiency relatively higher on this 
account. 

According to this formula, which was evolved from CaUendar's 
experiments upon a small air-cooled petrol motor, the limit of 
efficiency in any given engine is reached when the speed is infinite ; 

the limiting efficiency then becomes -80 ( 1 "~^ ) > which is dependent 

upon the cylinder dimensions only. 

In actual practice, as previously mentioned, the design of the 
engine, with its influences upon gas inertia, and lag, fixes the upper 
limit of efficiency. 

Thus in CaUendar's experiments it was found that the maximum 
efficiency of 0-52 occurred at 2,200 revolutions per minute. 

It has further been shown that the variation of efficiency with 
speed is nearly the same for different compression ratios, and dif- 
ferent mixture strengths over a wide range, as an examination of 
the pubUshed results of Watson and others will show. 

Thermal Efficiencies of the Four-Cycle and Two-Gycle 
Engines. 

It has been pointed out that the greatest possible thermal 
efficiency of a petrol engine working under ideal conditions (that 
is, with no thermal losses to the water jacket, etc.) is 20 to 25 per 
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cent, less than the air standard efficiency, which in itself depends 
upon the compression ratio employed. 

In the case of petrol engines of the touring-car type, the com- 
pression ratio lies between 3^ and 5, and corresponding to this 
upper limit, the highest efficiency that could possibly be attained 
would be about 38 per cent. 

When one considers that the thermal efficiency of modern four- 
cycle engines is in the region of 28 to 30 per cent., as the results of 
numerous scientific tests have shown, it will be realized how ex- 
tremely efficient is this type of internal combustion engine, and 
what a small range of possible improvement is left — indeed, it 
would seemingly appear futile to attempt to improve in this respect 
the modern petrol engine, working upon the Otto cycle. 

Considering the elementary type of two-cycle engine in which the 
piston uncovers the exhaust and inlet ports respectively, measure- 
ments of the thermal efficiency of this type of engine show that 
the maximum efficiency obtainable under the best conditions of 
mixture strength, speed, etc., is about 23 per cent, for the same 
compression ratio as in the four-cycle motor-car engine. 

This relatively lower efficiency of the two-cycle engine is no 
doubt due to the charge wastage which is associated with the 
design of the engine, and in the better designs of engine, where 
overlapping of the ports cannot occur, or is at least reduced, higher 
efficiencies may be expected. 

When due allowance is made for the amount of fuel which passes 
out with the exhaust gases unconsumed, so far as the engine is 
concerned, the net thermal efficiency attains the value of about 26 
per cent. 

It is therefore probable that the relatively higher cylinder 
temperatures will tend towards higher thermal efficiencies, and 
that generally speaking there is not much to choose between the 
two- and four-cycle engines in the matter of thermal efficiency in 
well-designed types. 

It might be pointed out here that the usual shape of the com- 
bustion chamber in two-stroke engines is hemispherical, on account 
of the absence of valve pockets, etc., so that theoretically some 
advantage in efficiency should be expected. 



The Heat Balance in Petrol Engines. 

In Chapter IV it is shown mathematically that if the temperatures 
of the working substance be known at the four pomts ABCD of 
the indicator diagram (Fig. 54), and the quantities of heat energy 
present at these points be also known, then the whole heat energy 
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of the inducted charge can be analysed in its distribution for the 
complete cycle of operations. 

This heat balancing, as it is termed, involves a fairly accurate 
knowledge of the variation of the specific heat of the working sub- 
stance, and of the nature of the combustion process, two more 
or less uncertain, factors. 

It is possible, however, to examine the way in which the heat 
energy of the charge is utilized in the various operations in the 
working cycle by actual experiment, and generally speaking the 
results are more definite and reliable, if the tests are properly carried 
out. 

Thus by measm-ing the quantity of mixture used in a given 
time by an engine, the total heat energy of the induced charge 
can be ascertained, knowing the calorific value of the fuel. 

Measurements of the indicated horse power give data for calcu- 
lating the actual percentage of this total heat energy usefully 
employed, or used up in doing useful mechanical work. By measur- 
ing the temperature rise of the cooling water, and the quantity of 
same employed, an idea of the actual amount of heat lost to the 
jackets by conduction and radiation can be obtained. 

By means of an exhaust calorimeter the quantity of heat leav- 
ing the engine in the exhaust gases can be ascertained. 

It is even possible to measure approximately the quantity of 
heat radiated from the engine, and one method of arriving at this 
quantity is given in Report of the Committee on the Efjiciency of 
Internal Combustion Engines, 1904^6. 

Prom the results of these different measurements some idea 
can be formed of the actual manner in which the heat energy of the 
charge is allotted to the different processes. 

In the case of one of the gas engines tested by the above Com- 
mittee, the following table represents the average heat balance 
obtained — the engine working under fuU load : — 

TABLE XXV 

Heat usefully employed (I.H.P.) . . .31-8 

„ lost by exhaust gases . . . 34-1 

„ lost to cooling water .... 26-5 

„ lost by radiation ...... 7-6 

100-0 

From these results it wUl be noticed firstly that the thermal 
efficiency as represented by the figure 31-8 per cent, is rather higher 
than in the case of petrol engines, and this is accounted for partly 
by the higher compression employed, and partly by the larger 
cylinder diameter, upon which, as previously shown, the efficiency 
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depends ; in many engines of modern design efficiencies of 38 
per cent, are fairly general, in gas engine practice. Secondly, it 
will be noticed that more heat .is carried off by the exhaust gases 
than is given out as useful work, and that a large percentage of 
heat is given to the cooling water. 

The above results for a gas engine have been quoted inasmuch 
as similar figures for a petrol engine are difficult to obtain, but 
the analogy between the two types is very close as the working 
conditions are about the same. 

An average heat balance chart for a modem petrol engine is 
given herewith, based upon the results of numerous tests made by 
the author, but it should be understood that this table is approxi- 
mate only, in so far as the exhaust and jacket losses are concerned, 
as will be explained later. 

Heat Balance Chart. 

TABLE XXVI 



Heat available as B.H.P. .... 

„ utilized in overcoming engine friction 

,, carried off in exhaust gases 

,, given to jacket water, and 

, lost by radiation .... 



24-0 

4-0 

40-0 

28-0 

40 

100-0 



In the above table, the value given for the heat carried off by 
the exhaust gas is intended to represent the actual quantity of 
heat remaining in these gases and measured just under the exhaust 
valve. 

It wUl be evident that the exhaust gases are losing heat to the 
cylinder walls and jacket during the whole of the exhaust stroke, 
and also to the metal around the valve and its ports, so that it is 
very difficult to obtain an exact idea as to the real quantity 
of heat of the charge lost to the jackets diwing the explosion 
stroke, and to the amoimt in the gases at the completion of 
the expansion stroke. It is practically impossible to separate 
these two quantities, although an idea of their relative mag- 
nitudes can be obtained by a study of the action occurring in 
the case of the ideal engine — ^for it is possible to estimate the 
quantity of heat contained off in the exhaust, and by differences 
that lost by conduction through the cylinder walls can be ob- 
tained. 

As an example, consider the ideal diagram corresponding to an 
actual indicator diagram, as shown in Fig. 66, in which the shaded 
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66. — Ideal and Real Indicator 

DiAQEAMS. 



diagram represents the 
indicator diagram 
taken from a petrol 
engine, and the 
dotted diagram the 
ideal one. 

The heat supply 
per cycle ia this case 
is 1,000 foot-pounds. 

The ideal diagram 
is draTwi for the case 
of a variable specific 
heat cycle, and from 
these two diagrams 
the foUovraig results 
have been obtained : — 



Ideal cycle 
Actual cycle 



Heat Converted 

into Work. 

440 

250 



Heat 
Rejected. 
560 foot-pounds 
750 



Now in. the ideal cycle no thermal losses to the walls are assumed, 
so that the ideal engine would reject 560 foot-pounds to the exhaust. 

The actual engine rejects 750 foot-pounds, which is made up 
of both exhaust and conduction losses, so that the amount of heat 
probably lost to the cylinder walls is 750—560, or 190 foot-pounds. 

Hence one may now estimate the probable percentage heat 
accounts for the actual engine, considering the true quantities 
of heat given up to the walls alone, and to the jacket alone. 

The following is then the probable heat account or balance : — 



TABLE XXVII 

Heat usefully employed (I.H.P.) 

„ given to exhaust gases .... 
,, given to jacket water and lost by radiation 



25-0 
56-0 
19-0 

100-0 



From what has already been mentioned in reference to the maximum 
possible efficiency of the Otto cycle, it is evident that the appar- 
ently large losses of heat energy of the charge to the jacket water 
and to the exhaust gases cannot be appreciably reduced, so long 
as the engine works upon this cycle of operations. Generally, the 
attempts which have been made to reduce, say, the cooling water 
and radiation losses have resulted in increased exhaust losses, and 
vice versa. 

The only general method of slightly reducing these losses is of 
course to aim at higher thermal efficiencies. 
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Volumetric Efficiency. 

The quantity of charge dra-wn into the cylinder of a petrol or other 
high speed internal combustion engine is always less than the 
theoretical quantity of charge which would fiU the working volume 
of the cylinder at atmospheric pressure and temperature, and 
the ratio of the actual to the theoretical quantity is called the 
" Volumetric Efficiency." 

The quantity of fresh charge induced depends upon several factors, 
namely, upon the rate of flow, the amount of obstruction encoun- 
tered, and to a minor extent upon the skin friction, and eddying 
resistance, temperature and shape of the induction system, etc. 

Considering the velocity of flow of the gases, flrst, for small 

differences of pressure, such as those existing in practice, the mean 

2o{P — P \ 
velocity of the gases is given by v^ =— "' 

where P is the atmospheric, and P„ the pressure within the 
cylinder, a being the density of the gases, that is, the weight per 
cubic foot ; a is usually taken as being 0081 lbs. per cub. foot at 0°C. 

If P and P^ be in lbs. per cub. foot, the velocity will be given in 
feet per second. 

The general energy equation for streamline flow for any gas is 

where a = the density, g the acceleration due to gravity, and 
H the datum " head " of the gas. 

For adiabatic flow we can combine equation (A) with the 

adiabatic law expressed as cr = C.P7 (B) 

since the density varies inversely as the volume. 

By substitution of this value for a in equation (A) we obtain 
for the velocity of flow between pressures P and P„ 



+ / h H = constant .... (A) 

/ a 



r^=A(»-'-ri-')- • •'^> 



2g (y - l)c 

The value of y for air is 1-408. 
If the terminal velocity v^ = O when the pressure is P„ we 

have«2=^ • _^^(p^-7-P;-t) (D) 

By using the approximation (1 + P)^~7 = 1 +fl — — jP 

where P<, is very little less than P we can reduce (D) to 
_2g 



..=*_(P_P.). 
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This is the approximate equation previously given. From this 
equation, which can be applied to the case of the exhaust and 
inlet gas flow in a petrol engine, the velocity of the gases can be 
computed. 

As an illustration of the value of this equation, consider the case 
of the inlet gases in a petrol engine. Assuming that there is a 
difference of pressm-e of 1 lb. per sq. inch between the cylinder 
(during the induction stroke) and the outside atmosphere around 
carburettor. Assuming further that the density of a mixture of 
15 parts air to 1 of petrol is -090 lb. per cub. foot, we have 
P = 14-7 X 144 lbs. per sq. foot 
P, = 13-7 X 144 „ 

Then t;^ = ^ ^ —(14-7 - 13-7) X 144 
•09 

whence v = \/ o4-4 x 144 
^ -09 

= 320 feet per s econd, very nearly 

This theoretical velocity, needless to say, is higher than 
would be realized in practice, as the effects of eddies, obstructions 
and skin friction have not been taken into account ; the flow being 
considered as streamline. 

Weight of Charge. 

It is often useful to be able to compute the total weight of gas 
flowing in any given case. 

If the area of the orifice or port be denoted by A , then the volume 
of gas Q flowing per second (it v is in feet per second) is given by 

Q =A.v. 

The weight of gas W = Qc = Ava. 

The value of the velocity v is known from the general equation 
of adiabatic flow equation (D), so that by substitution and simplifi- 
cation the weight of gas flowing per second can be expressed as 

As aU of the terms on the right-hand side of equation are known, 
W can be calculated. 

It is of interest to mention that for the maximum quantity of a 
gas to flow between two places at pressures P and P„ respectively, 
in an adiabatic manner P^ must equal -527 P. 

This result can readily be obtained by differentiating equation 
(E) with regard to P,,, and equating to zero in order to find the 
maximum weight W. 



THE CONDITIONS OCCURRING IN ACTUAL ENGINES 155 

2(7 

Retumiiig to the approximate relation v = ^ (P — P" ), it 

a 

follows that the value of v wiU depend upon the difference 
between the pressures existing inside and outside the cylinder. 

It will be shown later that the frictional resistance due to the 
skin friction, eddying and bend effects varies approximately as the 
square (and probably to higher powers of the velocity) of the 
velocity, and hence that it is imperative to keep this charge velocity 
as low as possible, and therefore the pressure difference must also 
be small, in order to ensure a high volumetric efficiency, assuming 
the density to remain about constant. 

In regard to the question of keeping the inlet velocity as small 
as possible, this is attained in practice by the employment of 
valves of large area, or by a multiplicity of valves, combined with 
fairly straight and smooth pipes and passages. 

In practice, the inlet velocity varies from 120 to 250 feet per 
second, according as the engine is a normal or racing type. 

Computation of the inlet velocity of several successful racing- 
car engines indicates that the most suitable velocity is between 
240 and 280 feet per second. 

The mean velocity of the inlet gases can be computed, approxi- 
mately, from the engine speed, piston area and induction pipe 
area (assumed uniform). 



Thus the mean velocity V = ( — J^Vp 



where D and d are the respective areas of the piston and inlet pipe, 
and Vp the mean piston velocity, which may vary from 1,000 to 
1,500 feet per minute in touring engines, and up to 3,000 feet per 
minute for racing engines. 

It should be remembered, however, that the maximum velocity 
of the piston, which occurs in the vicinity of the centre of its stroke, 
is about twice the mean, and that the velocity is variable through- 
out the stroke, so that the frictional losses will vary with this 
velocity to some power. It may be pointed out, here, that the 
results of aerodynamic tests show that at the high velocities attained 
in the above cases, the resistances to gaseous motion may vary 
to a higher power of the velocity than the square. 

Efiect of Friction. 

The effect of skin friction, due to the nature of the surface of 
the inlet system, can be taken into account, and an illustration 
of the method is here given. 
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The frictional resistance of a given amount of gas flowing in a 
pipe of any section is given by 

m 

where / is a coefficient dependent upon the nature of the surface 
of the pipe 
I = the length of pipe 

m = the hydrauhc mean depth or the ratio for the 

perimeter 

pipe 

V = the velocity when below about 150 feet per second. 

For a circular pipe 

F = /.; 4- I'' 
a 

This expression is only approximate, and applies to cases of 
streamline flow below the critical velocity. It serves, however, 
to show how the frictional resistance (expressed as a loss of " head " 
or pressure) varies directly as the length, and inversely as diameter 
of the pipe, and directly as the square of the velocity. 

A more exact expression for the velocity of flow imder a given 
head of pressure is obtained from Biel's empirical formula,* in 
which frictional effects are included : — 

0-072 \ 4m 



H=f0-12+"-:^^ 
V a/a! 



Vd AOOO d 

where I is the length in metres 
and d is the diameter in metres 
and H is the head in millimetres of water, the surfaces being 

taken as similar to that of galvanized iron. 

The loss of head will be seen to vary inversely as the diameter 
to the power of three halves, and directly as the length. 

The more recent experiments of Stanton f upon the subject of 
the flow of gases and solids in pipes of varying diameter show that 
these obey the same laws of flow ; this restilt is of interest as indi- 
cating the law of flow for a mixture of gases and vapours. 

The experiments were made upon pipes varying in diameter 
from about one-eighth of an inch to about five inches, and the 
velocities of flow varied between the limits of about 5 to 115 feet 
per second. 

* Zeitschriftmrein Deutcher Ingenieure, 1908, p. 1035. 

t Phil. Trans. Boy. Soc, A, Vol. ccxiv. Engineering, May 22, 1914. 
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The law of resistance which all fluids or gases were found to 
obey is given by 

where R is the resistance per unit area, q the density of the fluid 
or gas, V the velocity, and the expression / \~-)^ function of -^ , 

where d is the diameter and y the kinematical viscosity of the fluid, 
that is the ordinary viscosity divided by the density. 

If this law be expressed in the form R = h.vn, it has been found 
that the value of the index n rises with the speed of flow of the fluid, 
or gas, as previously mentioned. 

Further, the ratio of the maximum velocity to the mean 
velocity of flow in the pipe varies from 0-5 to 0-8 for higher values 

of the function ( — ) . 

The curve a given in Fig. 67 illustrates the results obtained by 
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Fig. 67. — Flthd Friction in Rough and Smooth Pipes. 



Stanton for rough and smooth pipes, respectively, the diameters 
of the pipes used in the experiments being 1 \ inches. 

In these curves R is the frictional force per unit area, D the 
diameter of the pipe, and v the fluid velocity at the axis of the pipe. 

The expression — ; has for comparison purposes been plotted 
against — , and it is interesting to note that the curves given are 

r 

true for both air and water. 
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It may be mentioned that the kinematical viscosity of air is 
thirteen times that of water. 

The reader who is desirous of studying this subject at fuller 
length is recommended to the original papers given in the foot-notes . 

In order to apply the previous formulae and expressions to the 
case of the inlet system, it must be remembered that the efiect 
of loss of head in the case of gas moving through a pipe is to cause 
a loss in charge weight, more especially as the period of induction 
is very small in the case of high speed internal combustion engines. 

This may be better understood if the difference of pressure 
causing gas flow be regarded as constant, and also the equivalent 
area of the inlet pipe (or system) ; then the effect of friction will 
be to cause a reduction in the mean velocity, and therefore in the 
quantity, since quantity = velocity x area. 

Another useful analogy is to regard frictional loss as being equiva- 
lent to reduction of pipe area, the velocity being constant ; the 
quantity of gas flowing will then be seen to be reduced as the 
frictional losses become greater. 

Effect of Bends. 

The effect of bends in the inlet system is equivalent to increased 
frictional resistance, for the gases, having their path of flow diverted, 
impinge upon the outer part of the bend and eddies are caused to 
occur ; these eddies are directly responsible for a loss of head. 

The more acute the bend, the greater the equivalent frictional 
loss of head due to the bend. 

The manner in which the loss of head varies with the radius of 
the bend will be better seen from the following table, giving some 
experimental results upon head losses in bends : — 





TABLE XXVIII 










Badius of Bend . 


11 


7 


5 


2 


1 


■75 


■5 


Equivalent resistance "j 
expressed in length 
of straight pipe . j 


4-1 


6-1 


7-7 


9-0 


17-3 


341 


118 



It will be seen that for a given diameter pipe the frictional loss 
of head varies inversely as the radius of the bend, up to the limits 
of bending of the pipe. 

Other Sources of Loss of Volumetric Efficiency. 

There are other causes of volumetric inefficiency quite apart 
from the effect of skin friction and bends, the chief amongst which 
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include loss of head (and therefore volumetric efficiency) due to 
more or less sudden variations of section in the inlet pipe, as for 
instance where the inlet valve port joins the cylinder. 

Every change of section is a source of eddy disturbance, and 
therefore of loss of head. 

The effect of obstructions in the inlet system, such as the car- 
burettor jet, valve stem, ledges, etc., is to setup " head " resistance, 
and thereby to cause a loss of head in proportion to the head re- 
sistance. 

Other sources of loss of volumetric efficiency are those due to 
the heating of the gases by the hot walls of the inlet system, com- 
bustion chamber and piston, and to effect of the work done upon 
the gases by the piston. 

So far as frictional losses are concerned, the " back pressure " 
effect of the exhaust gas flow will follow the same conditions as 
the inlet flow. 

The only reliable information as yet published, in connexion 
with the resistance of surfaces, or skin friction, is that published 
by Prof. Zahm. His experiments were made upon boards vary- 
ing in length from 1 foot to 16 feet, and at velocities from 5 to 20 
miles per hour. 

The resistance which such surfaces offer at different velocities 
are given as follows ; — 

R = -0000316 l^^ V185 

where R is the resistance in lbs. for the two surfaces of the board, 
of width 1 foot 

I = the length of board in the direction of the wind 
and V ^ the velocity in miles per hour. 

A more accurate expression is that given by the National 
Physical Laboratory, namely — 

p = -0000082 AO'ss Vi'88 

where F is the force in lbs., A the area in sq. ft. of a single surface 
in the case of a board, or the interior surface of a pipe, and V the 
velocity in feet per second. For a speed of 100 miles per hour 
the skin frictional force is about ^\ lb. per sq. ft. 

It is quite probable that in the case of gases moving at compara- 
tively high velocities, such as those in the inlet and exhaust systems, 
the resistance encountered, or " head " lost by skin friction, will 
vary as the velocity to a much higher index, such as 2-0 or 3-0, 
and that consequently the skin friction losses will be very much 
higher, comparatively. 

Further it should be remarked that the surfaces in the inlet 
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system and exhaust are, relatively speaking, much rougher than 
that of the smooth boards of Zahm. 

The efiect of friction, especially at the high velocities of flow 
encountered in practice, becomes quite serious, and were this factor 
neghgible it would be quite possible to obtain the same volumetric 
efficiency with only half the valve area employed in practice. 

It can readily be shown by the foregoing methods that whereas 
the theoretical valve diameter for a given gas velocity is 1-2 inches, 
actually it has to be made 1-8 inches, to allow for frictional effects 
through the valve, etc., for the same charge efficiency. 



Heating of the Charge. 

Although the fresh charge enters the induction pipe at atmospheric 
temperature, yet, by contact with the hot ports, valves, com- 
bustion chamber and piston top, it rapidly becomes heated up. 

This heating of the charge depends largely upon the design of 
the engine, that is, upon whether the charge has to pass over any 
appreciable amount of the hot engine surfaces before it reaches 
the cylinder proper. 

The effect of premature heating of the charge is to cause the gases 
(the petrol vapour and air) to expand. 

Further, it the exhaust products are not effectively got rid of 
during the previous stroke, the charge wiU also be heated by 
direct mixing and contact with the residual products. 

In order to afford some idea as to the effect of a hot engine in 
reducing the charge volume, Mg. 68, which illustrates the results 
of some charge measurement tests upon a four- cylinder car engine, 
is shown. 

Curve A represents the quantity of charge sucked in when the 
engine was motored around cold, with the valves, of course, work- 
ing in the usual manner, for various engine speeds. 

Curve B represents the quantity of charge inducted when the 
engine was firing in the usual way, measured by means of the 
" throttle plate " method * at the carburettor. 

It will be evident from these curves that although in both cases 
the quantity of charge drawn in falls off fairly rapidly with increase 
in the engine speed, yet about 12 per cent, more charge is drawn 
in when the c joinder is cold than when hot at 800 revolutions. 

Hopkinson f mentions the case of a Siddeley engine in which 

* " The Measurement of Air Supply to Internal Combustion Engines by 
means of a Throttle Plate," Watson and Schofield, Proc. I.M.E., May, 1912. 

t The Effect of Size and Speed upon the Performance of an Internal Com- 
bustion Engine, Proc. I.A.E., 1909. 
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Fig. 68. — The Effect of Temperature upon Volumetric Efficienci'. 
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about 15 per cent, increase in power is possible if the heat 
absorption effect is reduced during the suction period. 

The volumetric efficiency of the petrol engine decreases as the 
engine speed increases, in all ordinary petrol engines, to a greater 
or lesser extent according to the design. 

Fig. 69 indi- 
cates the usual 
volumetric effici- 
encies obtained 
in car engines of 
touring pattern, 
and also how 
this varies with 
the engine 
speed. 

In the case 
of the sleeve 
valve engine, 
where the port 
areas, etc., are 
more c o n d u- 
cive to charge 
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efficiency, fairly high volumetric efficiencies are usually ob- 
tained. 

Generally speaking, it can be taken that at 1,000 revolutions 
per minute a charge efficiency of from 80 to 85 per cent, is 
obtained in modem car practice, and this figure falls regularly 
with increased speed, on account of increased frietional resistance 
and the other effects previously mentioned. 

In slow-running engines, such as gas engines, volumetric 
efficiencies of 90 per cent, are quite common. 

Two-Stroke Engines. 

One of the defects of the ordinary two- or three-port type of two- 
cycle engine is the low volumetric efficiencies obtained with the 
crankcase compression method. 
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Fig. 70. — Volumetric Efficiency of Two-Cyole Engine. 
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The results of tests made by Dr. Watson * upon a two -port, two- 
stroke engine are shown graphically in Kg. 70. 

It will be observed that the volumetric efficiency falls from 
about 64 per cent, at 600 revolutions to 47 per cent, at 1,500 revo- 
lutions, the maximum speed. 

Obviously these low efficiencies are quite detrimental to high 
powers for a given cylinder capacity, and economical running, 
and the development of this type of engine is more a matter of desiga 
and experiment, in the attaiament of higher volumetric efficiencies. 

* " The Thermal Effioieqoy qf a Two-Cyole Engine," Proc, J.A,E„ 1908-9, 
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Efiect of Charge Density. 



The effect of runniag an^ engine partially throttled is somewhat 
analogous to that of an engine showing poor volumetric efficiency 
at high speeds. 

The maximum power which an ordinary explosion engine can 
develop is determined by the quantity of oxygen which can enter 
into combustion in a given time, and this in its turn depends upon 
the maximum amount of charge which can be drawn in. 

Obviously if one could fill the whole of the clearance and work- 
ing volumes of the cylinder with pure mixture under the most 
suitable cylinder wall temperature conditions, and the compression 
were suitable, the greatest explosion pressure would occur. 

The effect of poor volumetric efficiency at higher speeds is to 
lower the compression pressure, as a relatively smaller amount 
of charge remains 
at the beginning of 
the compression 
stroke, and the 
effective pressure 
upon the piston is 
therefore less. 

This compression 
effect can be repre- 
sented on the in- 
dicator diagrams, as 
shown in Fig. 71. 

The full line dia- 
gram shows the 
pressures obtained 
at high engine 
speeds, and the 
dotted line diagram 

those at low engine speeds for the same engine, the difference in 
area between the two diagrams, representing the loss in effective 
pressure by wire-drawing, etc., at the higher speeds. 

It must be remembered, however, that when an engine is de- 
signed imder low volumetric efficiency conditions, either by acci- 
dent or intent, any efforts that are made (either by enlargement 
of carburettor and port passage, valve lift and valve timing, etc. 
to increase the volumetric efficiency, and which result in still 
higher speeds being attained and higher explosion pressures, may 
not be beneficial to the strength of the working parts, which in 
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certain cases are designed only to resist the lower pressures and 
temperatures. 

It is common practice in high speed engines to adjust the valve 
area and valve timing, disposition of the valves, etc., so that the 
volumetric eificiency is high at the working speeds. 

Mechanical Losses in. the Engine. 

Under this heading will be considered that part of the engine 
losses which represents the difierence between the true indicated 
horse power and the brake, or effective horse power at the fly-wheel 
or clutch. 

The mechanical efficiency, being the ratio of the latter to the 
former horse power, it foUows that the smaller the mechanical losses 
are, the higher will this ratio be — a condition which should be 
aimed at by every designer of engines. 

These mechanical losses, as we shall for convenience term them, 
may be divided into two parts : — 

(a) Frictional losses. 

(b) Pumping losses. 

The total mechanical losses being the sum of these two respec- 
tive losses, it is of interest to know which is the more serious in 
an engine. 

The actual relation between these separate factors, in any engine, 
will depend largely upon the design and speed of the engine. 

Thus in an engine with heavy reciprocating parts, badly 
machined rubbing surfaces, inadequate lubrication arrangements, 
etc., the frictional losses wiU constitute practically the whole of the 
net mechanical losses, whilst the pumping loss may relatively be 
negligible. 

Upon the other hand, an engine with restricted port areas, badly 
designed carburettor, unsuitable inlet and exhaust valve timing, 
etc., will have relatively large "pumping losses," although the 
mechanical working parts may be perfect. 

To give an idea of the average values of these two losses, the 
values obtained from a Talbot engine may be quoted, in which the 
frictional losses were about 75 per cent, of the whole, and the 
pumping losses about 25 per cent. 

In the Daimler engine tested by Hopkinson, the former losses 
amounted to 82 per cent, and the latter to 18 per cent. 

The Talbot engine mentioned, is at the time of writing, about 
four years old, and there is no doubt that in most modem car 
engines in which the design of port areas and valve timing is much 
improved the pumping losses wiU not amount to more than from 
10 to 15 per cent, of the whole mechanical losses. 
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Dealing with these two losses in order, the frictional losses which 
occur within the engine are, of course, due to the frictional resist- 
ance offered to motion by the various working parts ; thus there 
exists frictional resistance (partly solid and partly fluid) between 
the piston, with its rings, and the cylinder wall, the amount of 
which is dependent upon the coimecting-rod thrust, cylinder pres- 
sure, and state of the interposing surfaces. At each of the con- 
necting-rod and crankshaft bearings, also, there will be frictional 
losses (usually of a fluid nature where adequate lubrication is 
maintained). 

Minor losses which come under heading (a) include " air " fric- 
tional and churning losses in the crank chamber due to the skm 
friction of the rapidly moving parts, valve gear and auxiliary 
losses, vibrational, and out-of-balance effects, etc. 

Power absorbed in driving the auxiliary mechanisms such as 
the magneto, circulating pump, air pump, etc., should be included 
under the mechanical frictional losses of the engine as a whole. 

These frictional losses will of course depend somewhat upon 
the " design " of any particular engine ; the term " design " is 
here meant to include the weight, material, general design and 
lubrication arrangements, which are more or less inherent features 
of the engine. 

The frictional losses in any given engine depend upon two other 
factors, namely, the speed and the temperature of the circulating 
water. 

The effect of increased speed upon the frictional losses is to cause 
an increase in these losses, and the nature of the variation of these 
losses with speed can best be understood by reference to the curves 
shown in Figs. 72 and 73 which illustrate the results of measure- 
ments of mechanical losses. 

Fig. 72 represents the losses at different speeds in the case of a 
four-cylinder poppet valve engine, and Fig. 73 the same losses in 
the case of a single-cylinder sleeve valve engine. 

In the former case it will be noticed that at 600 revolutions 
about 1-6 H.P. is required to overcome the frictional losses, whilst 
at 1,200 revolutions about 3-9 H.P. is necessary, so that these 
losses do not vary directly as the speed, but as some higher power 
of the speed ; this appears to indicate that the resistance is more 
in the nature of a fluid resistance. 

In the case of the single -cylinder sleeve valve engine, these losses 
increase from about 0-5 H.P. at 600 revolutions to 2-25 H.P. at 
1,200 revolutions, but in this case it should be pointed out that 
the cylinder temperatures (and that of the lubricant) are appreci- 
ably higher at the higher speed. 
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Fig. 72.- 
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Speed in Revs, per min. 
-Losses in a 30 H.P. FotrE-CYLK. Car Engine. 



It should be mentioned that the losses illustrated in the figures 
include the pumping losses, which do not however vary very much 
with the speed, so that the nature of the variation of the frictional 
losses with the speed is not sensibly unaltered, and therefore 
follows a fluid resistance law of the type 

where R = the frictional resistance 
/ = a constant 
V = the speed of engine. 
This law is, however, only approximate, for the variations in 
the cylinder temperatures, and explosion pressures at different 
speeds, have also a direct influence upon these losses. 
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As would be expected in the case of the sleeve valve engine with 
its relatively greater surfaces of sliding, and resistance, the effect 
of speed is more marked, as the ciirve indicates. 

Generally speaking, the frictional losses increase at a greater 
rate than the speed ; it will perhaps be interesting to inquire a little 
further into this variation. 

The total frictional losses in any engine, temperature and lubri- 
cation remaining constant, depend upon 

(a) Frictional losses due to the static pressure of the exploding 
gases (and compressing), 

(6) Frictional losses due to rotating parts. 

Losses (o) will remain constant with speed increase unless, as 
more often than not happens, the mean effective pressure drops 
with speed ; these losses will then be slightly lower. 

Losses (b) depend upon the pressures between the rotating parts, 
and in the case of the piston, connecting rod and main bearings, 
the forces due to the inertia of the reciprocating parts, and un- 
bala,nced masses increase in proportion to the square of the velocity 
(or engine speed) , and the losses by friction will go up proportionally. 

Apart from the engine itself, the power required to drive the 
water, oil and air pumps will be found to increase at a greater rate 
than with the speed. 



Analysis of Losses. 

As the frictional loss includes that portion due to the piston, 
connecting rod and main bearings, etc., it may be of interest to con- 
sider how these various parts absorb power. 

Unfortunately the available data in connexion with this subject 
is very limited, but some tests by Hopkiason tend to throw some 
light upon these points. 

He determined the power required to drive an engine around 
by employing an electric motor to drive the same. The circulat- 
ing water was maintained at its normal working temperature, 
and the valve caps were removed so that no appreciable work 
was done in drawing in and expelling the air. 

He found that it took 40 H.P. to drive the engine around under 
these circumstances at 180 revolutions per minute, whilst with the 
piston and connecting rod removed it required 1-4 H.P. at the same 
speed. 

From these figures it will be evident that about 2-6 H.P. or 65 
per cent, of the frictional losses is due to piston and crank-pin 
friction, and that about 1-4 H.P. or 35 per cent, is due to the main 
bearings, valve gear and minor sources. 
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The author has recently made some measm:ements of the power 
absorbed m driving the various auxiliaries of a car engine. 

The engine in question was driven around electrically, the losses 
in the motor having been accurately determined for various speeds 
and current values, and the power required to drive the engine with 
the valves and caps removed measured. 

The magneto was then disconnected, and the engine motored 
around ; the power necessary to drive the magneto being thus 
obtained by the method of differences. The gearing, air and water 
pumps were next disconnected in turn, the power required to 
drive the remaining parts being measured, respectively, in each 
case. 

The temperature of the circulating water and lubrication were 
maintained constant throughout, at about the working tempera- 
tures. 

The following table shows the results of such measurements, 
and serves as an indication of the nature of the losses incurred. 



TABLE XXIX 




Part of Engine. 


Speed. 


H.P. to Drive. 


Whole engine with caps removed 

Magneto alone ... 

Circulating pnmp . . . . 

Pump and magneto skew gearing 

Air pump 


1,000 revs. 
per minute 


8-8 

0-25 
0-25 
0-40 
0-30 



It will be seen that the H.P. absorbed by the auxiliary parts 
represents about 14 per cent, of the total H.P. absorbed in the 
mechanical losses. 



Effect of Circulating Water Temperature. 

Part of the frictional losses vary with the cylinder wall tempera- 
ture, as previously stated ; this variation being due to the reduced 
viscosity of the lubricant between the rubbing surfaces at the 
higher temperatures. 

Thus in some experiments made upon a Daimler engine, Hopkin- 
son found that with the circulating water (in the jacket) at a mean 
temperature of 65° F., the frictional losses were 40 H.P. ; whilst 
at 150° F. they were 2-6 H.P., and finally at 212° F. with the water 
just boiling they were only 20 H.P., the speed in each case being 
800 revolutions per minute. The total output of the engine at 
800 revolutions was about 16 H.P. 
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In the case of a sleeve valve engine tested by Dr. Watson * it 
was found that the B.H.P. increased rapidly as the inlet tempera- 
ture of the circulating water rose from 70° F., at which the B.H.P. 
was 4-6, to 180° F., where it became 5-95 ; the I.H.P. remaining 
constant over this range of temperature at about 8-1. 

These examples will serve to show that the temperature of the 
lubricant has an important influence upon the frictional resist- 
ances ; it is the common experience of motorists that their engines 
pull much better when thoroughly warmed up than at starting. 

One or two other interesting points brought out by Hopkinson's 
experiments are given in the accompanjring table, which embodies 
the results of tests made with normal lubrication, excess of lubrica- 
tion, and with water injection. 

The engine, as before, was motored around at 180 revolutions 
with the valve caps removed, so that air losses were minimized, 
and the temperature of the circulating water was varied as 
indicated. 

TABLE XXX 



Conditions. 


Temperature of 
Water. 


H.P .Absorbed. 


Engine hot. Normal lubrication 
Engine cold. Normal lubrication . 
„ ,, Excessive lubrication 
,, „ Water injected 


180° F. 
70° F. 
70° F. 
70° F. 


4-0 
6-5 

4-7 
2-7 



These results serve to bring out the effects of circulating water 
temperature and of lubrication upon horse power. The marked drop 
in the power absorbed when water is injected in the cylinder at the 
lower temperature is interesting, and is no doubt due to the very 
much lower viscosity of the water and to its effect upon the fluid 
losses. 

In some experiments of Morse (one of Hopkinson's students) 
upon a Siddeley engine, careful tests were made at 720 revolutions 
per minute to find out whether the amount of oil had any effect 
upon the mechanical losses or the I.H.P. , and it was found that 
whether the exhaust was smoky or quite clear there was no appre- 
ciable effect at this speed. 

However, at 1,220 revolutions it was found that the quantity of 
oil employed appeared to have a distinct effect upon the mechanical 
(friction) losses, and it was therefore necessary to maintain an 
ample supply of lubricant. 

* " Test of a Daimler Sleeve Valve Engine," Proc. I.A.E., 1912. 
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The Pumping Losses. 

By the pumping losses in any engine is meant the work which 
is done (at the expense of the indicated horse power) in the induc- 
tion or drawing in of the fresh charge and in the expelling of the 
exhaust products. 

Generally, the pressure within the cylinder during the suction 
stroke is below atmospheric, whilst the pressure of the exhaust 
products is above atmospheric. 

The amount of " negative work " which has to be performed 
in the exhaust and induction operations is a measure of the 
pumping losses, and is represented by the area of the suction- 
exhaust loop on the indicator diagram, as shown shaded in Fig. 74. 

As was previously 
pointed out, these 
losses in a car engine 
amount to between 10 
to 20 per cent, of the 
total losses between the 
indicated and brake 
horse power. 

It has also been 
shown that the tem- 
peratvire existing within 
the cylinder has an 
influence upon the 
quantity of air and 
petrol drawn in per 
suction stroke, and here it might be added that the resistance to 
motion of heated air, or exhaust gases, is less than in the case of 
cool air. 

Considering the influence of speed upon the pumping losses, 
these losses will increase with increased speed, owing to the greater 
wire-drawing or throttling of the gases flowing at higher speeds. 

This also follows from a consideration of the mean pressures 
existing in the inlet and exhaust pipes near the valves. 

Fig. 75 illustrates the results of measurements of the inlet mani- 
fold mean negative pressures at different speeds for a four -cylinder 
car engine. The measurements were made by means of a mercury 
manometer with suitable arrangements to damp out the periodical 
variations of pressure due to the intermittent suctions. The suction 
or negative pressure, as the flgure indicates, increases fairly rapidly 
with speed. 

In the case of the exhaust gases the " back pressure," as it is 
termed, also increases with speed, in a very similar manner. 




Fig. 74.- 



-Pumping Losses upon the 
Indicator Diagram. 
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It will be seen, therefore, that the net difference between the 
inlet and exhaust pressures increases very appreciably as the speed 
goes up, and hence that at the higher speeds, the " negative " loop, 
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might reasonably be expected to be greater than at the lower speeds. 

There is, as experiment shows, an increase in the magnitude of 
the pumpiag losses at higher speeds, but by no means so great as 
one would expect^ probably on account of the lower volumetric 
efficiencies at the higher speeds, and also due to the higher tempera- 
tures existing. 

The curve given ia 
Fig. 7G illustrates the 
magnitude and variation 
of the pumping losses in 
the Daimler engiae tested 
by Hopkinson ; * this 
figure also shows the 
frictional losses, and the 
total mechanical losses, 
at various speeds. 

The method of obtain- 
ing the magnitude of the 
losses under considera- 
tion is iateresting, and 
will also serve as an 
example of the utility of the indicator diagram in these and 
similar investigations. 

In finding the mechanical losses of power in an engine, as a 

* From The Oas, Petrol and Oil Engine, D. Clerk. 
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means of obtaining or checking the brake horse-power measure- 
ments, one common method employed is to couple the engine 
up to an electric motor, which, by means of suitable connexions 
and switches, can be converted into a dynamo for absorbing the 
power output of the engine — that is, as a means for varying the 
external load upon the engine. 

When the engine is started up, it is first motored around elec- 
trically, and when the proper speed is attained the ignition is 
switched on. Directly the engine fires, the motor connexions 
are cut out, leaving the engine temporarily without external load 
and giving it an opportunity to pick up in speed, imtil at the suit- 
able moment the dynamo connexions are made, and the load gradu- 
ally applied until the conditions are quite steady ; the engine will 
now be firing regularly under load, with the circulating water at 
its proper temperature, as radicated by suitably placed thermo- 
meters. 

The ignition is next switched off, and the dynamo and motor 
connexions exchanged by a suitable switch ; the engine is then 
speeded up (but not firing) to the desired speed at which the 
determination of the losses is required by means of the motor. 

Measurements of the current and voltage provide the necessary 
data required for obtaining the power taken to drive the engine at 
the given speed (the efficiency of the motor being accurately known 
under all conditions of speed, and armature and field current 
strengths) . 

The power thus measured, as a little consideration will show, 
will be found to consist of : — 

(1) The power necessary to rotate and overcome the frictional 

resistance of the moving parts. 

(2) The power required to draw in and expel the air from the 

cylinder. 

(3) The power necessary to compress and expand the air drawn 

in, upon the equivalent compression and firing strokes. 

Item (1) gives a very near approximation to the frictional losses 
actually existing within the engine when working normally at the 
given speed, as the temperature of the jacket water is the same in 
each case. 

This method, however, is open to criticism, as the pressures on 
the bearings and cylinder walls will be different, and reversed in 
most instances ; and further, instead of hot exploding and exhaust 
gases being within the cylinder, cool air takes their place, and this 
may have an appreciable influence upon the viscosity and consti- 
tution of the lubricant, etc. 

Measurements of losses made by this method have been found 
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Pumping H.P. = 0-35 

Compnession H.R =■ 0-20 



by Hopkinson, Watson and others to give results approximating 
closely to those obtained by direct measurements of the I.H.P. 
and B.H.P., so that the above objections cannot be very serious. 

Item (2) is very nearly the same for the engine firing, as the 
mean temperature of the metal in the ports and walls will not have 
had time to coo 1 down appreciably. 

Item (3) is the factor which does not occur in the actual engine, 
and so a correction must be applied to the power measurements 
thus obtained. 

It might at first be thought that when the air is compressed and 
expanded no net work would be done upon the air, but actually, 
the air loses heat 
to the cylinder 
walls during 
compression, and 
does not regain 
all of this during . 
expansion. Ex- 
ternal work is : 
therefore done . 
upon the air as < 
a net result. 

In order to 
estimate the 
magnitude o f 
this "loss," 
indicator d i a - 
grams have been fiq. 
taken with the 
engine not 

firing, during the period of motoring around directly after switch- 
ing off the ignition in the above-mentioned method of measuring 
the mechanical losses. 

Examples of indicator diagrams obtained by the author are 
shown in Figs. 77 and 78 for engine speeds of 600 and 1,100 
revolutions per minute respectively. 

It will be observed that the expansion line is below the compres- 
sion line ; the area of the " loop " thus made represents the amount 
of work done upon the air in the cylinder. 

At 600 revolutions, in the four-cylinder engine tested, the power 
to be debited from the measured power to motor engine around 
at this speed is -20 H.P., or about one-fifth of a horse power as 
measured from the diagrams taken at this speed. 

At 1,100, the power under the same conditions is -47 H.P. 




77. — Indicatob Diagkam taken at 600 revs. 
PEE MIN. FOK Pumping Losses. 
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80 - 



0,40 - 



5 20 - 



Pumping H. P. =7 -04 

Compression N.P ='0-47 




Fig. 78. — Indicator Diagkam taken at 1100 
revs. per min. foe ptjmping losses. 



These correc- 
tions can be 
applied to the 
total power 
measured, and 
the difference be- 
tween the two 
will give the 
mechanical losses 
in the engine at 
the given speeds. 

From the ex- 
amples of indi- 
cator diagrams 
given, the areas 
can be measm:ed off ; these 



of the negative or " suction " loops 

give an idea of the magnitude of the pumpiag losses. 

In the cases under consideration, at 600 revolutions per minute, 
the pumping losses amounted to -35 H.P., and at 1,100 revolutions 
to 104 H.P. 

From measurements of similar diagrams taken over the indicated 
range of speed, and with the engine hot in each case, the curve 
given in Fig. 79 has been obtained ; the throttle was set full open 
throughout the tests. 
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The upper cm-ve gives the pumpiag losses for the engine haK- 
throttled, that is, with the throttle set so that half the maximum 
amount of mixture was used ; these will be geen to be somewhat 
Jiighej for the range of Biea§urej)aen.t8 made, 
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Light Spring Diagrams. 

The pumping losses can be accurately measured and studied 
by taking indicator diagrams, using a weak spring in the indicator 
instrument, so that the pressure scale is much exaggerated. 

Generally a stop is provided in the indicator to prevent the 
effects of the explosion pressure deflecting the spring further than 
a small predetermined amoimt. 

An example of such a weak spring diagram from a four-cylinder 
engine is given in Mg. 80. 



Exhaust. 




Suction 
Fig. 80.— Magnified Exhaust and Suction Strokes. 



It will be noticed that the exhaust line, generally speaking, lies 
above the atmospheric line, whilst the suction line is below. 

The rise in pressure at the end of the exhaust stroke is interesting 
and suggests a throttling of the exhaust gases, thus causing a back 
pressure of about 5 lbs. per sq. inch to exist at the moment just 
before the inlet opens on top centre. 

Incidentally, it might be mentioned that light spring diagrams 
can be taken of pressure variations in the exhaust pipe, inlet pipe, 
crank chamber of a two-cycle engine, etc., and afford a valuable 
means for studying the exact conditions existing in these cases. 



Mechanical Efficiency. 

Although the earlier consideration of the engine losses is com- 
plete in itself, yet it is often convenient to compare the performances 
of different engines, not by their total mechanical losses, but by 
the relation of the B.H.P. to the I.H.P. as measured directly. 

If the mechanical losses are known at different speeds, and the 
I.H.P. can also be determined, we have then a basis of comparison 
of engine performap.ces. 

The ratio of the B.H.P, to I,H,P, of any engine is terrned the 
mechanical eff|c;ejicy, 
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This may be -written as : — 
Mechanical Efficiency = 



I.H.P. — mechanical losses 

Try. 



If the mechanical losses were constant for all speeds the mechani- 
cal efficiency would also be constant, but it has been seen that the 
former increase with speed, so that, from the above relation, the 
mechanical efficient should decrease with the speed. 

In good gas engines the mechanical efficiency varies from 85 to 
90 per cent., and in ordinary touring-car engines of good design 
the value of this ratio may be as high as 90 per cent, at low speeds, 
falling off to about 80 per cent, at maximum speeds. 

For sleeve valve engines the mechanical efficiency varies from 
90 per cent, at low speeds to about 75 per cent, at high. 
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In two-stroke engines of the two- or three-port type the mechanical 
efficiency falls from about 83 per cent, down to as low a value as 
70 per cent, and less at the maximum speeds. 

Much of course depends upon the actual design of the engine, 
and it is the aim of the designer to obtain as high a value as 
possible, at all speeds, for the mechanical efficiency. 

The success of many racing type engines is largely due to the 
efforts which have been made in the design and construction, to 
minimize the mechanical losses, and so obtain as high a value for 
the mechanical efficiency as possible at high speeds. 

The curves shown in Fig. 81 , for the cases of touring- and racing- 
car engines, illustrate the nature of the variation of the mechanical 
efficiency with the speed. 

The falling off in the efficiency as the engine speed increases is 
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additional evidence in support of the predicted and observed incre- 
ment in the mechanical losses with the speed, and the deductions 
made therefrom. From theoretical considerations, based, how- 
ever, upon the results of accurate tests, CaUendar has shown that 
the mechanical eflSciency of an engine is a function of the cylinder 
diameter in similar engines working under similar conditions, and 
that the mechanical efficiency increases with the diameter of the 
cylinder according to the relation : — 



Mech. Effic 



. = fc (1 -— j per cent 



where ifc is a constant, the value of which for a petrol engine varies 
from 0-87 to 0-93, and D is the cylinder diameter in inches. 

Overall Efficiency. 

Before proceeding with the consideration of this subject, it will 
be necessary to recapitulate a little, and to briefly distinguish 
between the various kinds of ' ' efficiency " dealt with in internal com- 
bustion engine work, as a great deal of confusion has arisen in the 
past due to the improper use of these terms ; one often hears of 
one efficiency being compared with another efficiency of an entirely 
different character. 

It has been seen that when one wishes to compare the thermo- 
dynamic performances of different engines of the same type, or of 
a given engine under varjong conditions, the " thermal efficiency " 
is used as a basis for comparison, and further furnishes informa- 
tion in respect to the fuel consumption reckoned on the actual 
indicated horse power. 

In order to compare the performances of engiaes differing widely 
in size and type, working under different conditions of speed and 
with various fuels, etc., the ratio of the thermal efficiency to 
the ideal standard efficiency, and which is called the " relative 
efficiency," provides a valuable basis for the thermodynamic 
comparisons to be made. 

Coming next to the more practical aspect of the subject of internal 
combustion engines, it is of course necessary to have as high a 
thermal efficiency as possible, for fuel economy, but it is also neces- 
sary for the " mechanical efficiency "to be as high as possible for 
real practical economy, for it will be evident that although an engine 
may develop a high indicated horse power, yet if an appreciable 
percentage of this power is used up in overcoming the mechanical 
losses, then the net power (or the brake horse power) may be 
small compared with the indicated, and fuel economy may be very 
much less marked. 
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Hence in comparing the practical performances of engines, the 
thermal efficiency reckoned upon the brake horse power is often 
employed, and is termed the " brake efficiency." 

As this term includes the mechanical efficiency it gives a useful 
comparison for different engines under similar conditions of running. 

It wiU be evident from what has been mentioned concerning 
the mechanical losses that since these losses usually increase at a 
greater rate than the speed, the mechanical efficiency falls off as 
the speed increases, and hence the " brake efficiency " will fall 
off at a greater rate than the " thermal efficiency " reckoned upon 
the indicated horse power. 

Thus if (as is sometimes the case) the thermal efficiency remains 
nearly constant over an appreciable range of speed, then the brake 
efficiency will decrease with speed. 

There is another method of comparing the performances em- 
ployed by designers of racing and high speed engines of different 
types, which is irrespective of fuel consumption, and depends 
upon the brake horse power developed for a given cylinder capacity. 

This is here termed the " overall efficiency," and is the ratio of the 
brake horse power developed (measured at the flywheel) to the 
capacity of the engine cylinder swept out by the piston during 
each stroke, or to the sum of the working volumes of the 
cylinders, usually expressed in litres (1 litre equalling 1000 cu. cms., 
or 61 cu. ins.). 

The overall efficiency wiU be more or less independent of the 
fuel consumption, and wiU depend upon how much useful power 
can be obtained from a given size of engiae, by various mechanical 
devices or means. 

It is well known that the most thermally efficient mixture 
strength is a weak mixture consistiag of about seventeen parts of 
air to one part petrol by weight, whereas the mixtiure which gives 
the greatest mean effective pressure and flame velocity is a rich 
mixture of about twelve, so that from this point of view thermal 
and overall efficiency are opposed. 

The question of the thermal efficiency of overall efficient engines 
is a compUcated one, and depends much upon the individual design. 

The tendency at present is towards a high speed engine whereby 
overall efficiency is obtained by increased engine revolutions. 

As the power obtainable from a given engine varies directly ■ 
as the mean pressure and the revolutions per minute, it is obvious 
that if the revolutions can increase at a greater rate than the pres- 
sure decreases as the speed is increased, then the product of the two 
win increase with the speed, and therefore the horse power wiU 
also increase with the speed. 
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In well designed high speed engines it is possible to maintain the 
mean pressure nearly constant up to speeds of 2,000 or 2,500 
revolutions per minute, so that the net effective power on the 
brake is roughly proportional to the speed up to this limiting 
speed, when it begins to decrease with further speed increase above 
this limit. 

The employment of high compressions and well designed com- 
bustion chambers may have a good influence upon the thermal 
efficiency of the high overall efficient engine, but it is generally 
known that these engines are not so thermally efficient as the 
moderate speed engine running upon suitable mixtures and main- 
taining suitable cylinder wall temperatures. 

Effect of Throttling upon Efficiency. 

In further support of this might be mentioned the results of some 
tests of thermal efficiency made upon a four-cylinder car engine 
with various throttle positions. It was found that the thermal 
efficiency at full throttle and fuU speed was somewhat lower than 
that at three-quarter throttle position ; and further, when the 
engine was running at its best, in the halt -throttle position the 
thermal efficiency was practically the same as at three-quarter 
throttle. 

Below this, diminishing the throttle opening caused the thermal 
efficiency to diminish almost directly as the speed. 

As the mixture strengths and temperature of the cooling water 
were kept constant in all cases, and the ignition adjusted to 
give the best power output, it appears as though the design of 
the large engine workmg normally upon part throttle would be 
more economical ia fuel than the extra-high speed engine. 

This view is further supported by the results of some tests upon 
a sleeve valve engine * in which it was found that the thermal 
efficiency upon the brake horse power, for a mixture strength of 
about 15 to 1, on full throttle and for speeds between 900 and 1,200 
revolutions per minute, was 18-2 per cent. For the same mixture 
conditions, and when throttled down to three-quarter power, the 
value of the thermal efficiency was 18-3 per cent., and so did not fall 
off. 

The explanation of these results may be similar to that advanced 
for the maximum thermal efficiency occurring at poor mixture 
strengths. 

Apart from the question of thermal efficiency, it is often desir- 
able from considerations of engine rating, power for weight, and 

* " Test of a. Sleeve Valve Engine," Proc. Inst. Aut. Engineers, 1912, 
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racing purposes, to be able to obtain the maximuni power output 
on the brake from a given size of cyliader. 

H.P. Data for Car Engines. 

In order to give a quantitative idea of the possible power obtain- 
able from a given cylinder capacity, it may be stated that for the 
average slow speed design of motor-car engines about 6 brake 
horse power is obtainable for every 1,000 cubic centimetres, or 
per litre, working volume of the cylinder at about 1,000 revolutions 
per minute. 

Under this heading would be included the earher designs of 
engine, the cheaper American car engines, etc. 

For good designs of engine, such as generally found in modem 
moderate speed touring-car engines, about 7 to 8 horse power per 
litre at 1,000 to 1,300 revolutions are obtained. 

High speed racing engines of the high overall efficiency type 
will yield between 8 and 9 horse power per litre at speeds of about 
1,000 revolutions, and from 16 to 18 at 2,000 revolutions. 

If higher speeds are designed for, it is even possible to get as much 
as 25 to 35 H.P. per htre at the maximum speeds. 

Thus in the case of the Talbot engine fitted to the car first main- 
taining a speed of 100 miles for one hour, the power curve showed 
that a maximum overall efficiency of 27 H.P. per litre was obtained 
at a maximum speed of 3,200 revolutions per minute, as tested 
upon a water dynamometer. 

The ordinary touring type of Talbot engine of the same size, 
namely, 101-5 mm. bore by 140 mm. stroke, gives a maximum 
overall efficiency of 15-5 at a speed of 2,300, and of 9 at a speed of 
1,200 revolutions. 

In the case of one of the Sunbeam Graded Prix racers of 1913, 
about 28 H.P. per litre at 3,000 revolutions was obtained in bench 
tests, with 9 H.P. per litre at 1,000 revolutions. 

Coming next to the case of sleeve valve engines, the Daimler 
Knight touring-car engine has been shown by tests to give about 
9 to 10 H.P. per litre at 1,200 revolutions, and a maximum of 
from 14 to 16 at 2,000 revolutions. 

For air-cooled types of engine of the motor-cycle type the results 
of numerous bench tests show that for speeds of 1,000 revolutions 
about 8 H.P. per htre, and at 2,000 revolutions 15 H.P. per litre. 

For extreme types of racing air-cooled engine it is possible to 
obtain as much as 22 to 26 H.P. per Htre for appreciable periods. 

Before concluding this section of the subject, it might be of some 
interest to mention the general principles whereby maximuni 
overall efficiency is attained. 
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Methods of Obtaining High Overall Efficiencies. 

Although, strictly speaking, this subject should be treated in 
the design portion, it will be useful to briefly enumerate here the 
chief factors concerned from the theoretical standpoint. 

The essentials for maximum volumetric output are : — 

(1) Suitable mixture strength for obtaitdng the maximum 

effective pressures. 

(2) Rapid ignition, adequate in intensity. 

(3) High volumetric efficiency, by suitable valve and port, 

carburettor, areas and design. 

(4) High compression pressures. 

(5) Proper inlet and exhaust valve timing, and suitable operat- 

ing means for working the valves. 

(6) Lightness of all reciprocating and working parts. 

(7) Proper balance of all rotating and reciprocating parts. 

(8) Good lubrication. 

(9) Adequate jacket water cooling. 

(10) Minimum of frictional and pumping losses. 

(11) Suitable quality of materials employed for all working parts. 

Apart from the above methods generally employed, it is further 
probably possible to obtain maximum power output by such means 
as scavenging, forced induction, separate compression (in order 
to obtain higher compression pressures without preignition, by 
distracting the heat of compression by suitable means), water 
injection, adoption of the two-cycle principle, etc. 

Although these methods are put forward as possible means for 
obtaining higher overall efficiencies, there does not appear to be 
much information yet available as to the real benefits obtained, 
and very few authoritative tests have been published, in so far as 
petrol engines are concerned. 

Water Injection. 

In gas engine practice marked improvement has been shown to 
result from water injection into the cylinder, the water being 
injected as a fine spray in part of the air supply during induction, 
so as to avoid the formation of a film upon the cylinder walls. 

It was shown in the case of a 50 H.P. engine that with water 
injection at the rate of about 7 lbs. per hour the thermal efficiency 
was 37 per cent., and the relative efficiency nearly 64 per cent, of the 
" air standard." 

The important point about these figures is that they represented 
an appreciably higher value than any hitherto obtained without 
such means. 
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It is possible that the real benefit accrues from the internal 
cooling which is obtained at the expense of the latent heat of the 
water — the formation of steam bringing about this result. The 
steam pressure resulting is comparatively small, as the quantity 
of moisture injected is very small, so that the volume of steam 
would be comparatively large, and the pressure therefore low. 
It is also believed that reduced radiation results during combustion 
and expansion, due to the presence of the steam formed. 

In Hopkinson's system of water injection,* the water jacket 
proper was done away with, and the whole of the cooling obtained 
by means of the arrangement illustrated in Kg. 82. 

Water is introduced during the 
process of combustion and expan- 
sion ill the form of drops, in 
distinction to a spray, so that 
the greater portion reaches the 
combustion chamber walls before 
being converted into steam. 

It was further found that the 
thermal efficiency of the engine 
was increased with rich mixtures, 
whereas with weak mixtures it 
was actually reduced. 

The explanation of these 
results is that the cylinder tem- 
peratures are much higher with 
the richer mixtures, and the heat losses to the walls and exhaust 
are consequently also higher, whereas with the weaker mixtures 
the water injection would reduce the mean wall temperatures 
below that corresponding with the maximum efficiency. 

It is probable, in the light of the results of Hopkinson's tests, 
that the limiting compression pressures might be raised by means 
of suitable water-injection, and that the thermal efficiency would 
be thereby increased. 

Apart from any gain directly due to better cooling, it is obvious 
that local cooling of the gases and of the hottest parts of the com- 
bustion chamber and exhaust valve, etc., will be beneficial in tend- 
ing towards better volumetric efficiency, and less preignition 
tendencies. 




Fig. 82. — Hopkinson's Method of 
Cooling by Water Injection. 



Super Compression Methods. 

Another successful method utilized in gas engine practice is 
that by means of which higher compressions and higher volumetric 

* Vide Internal Combustion Engineering, Aug. 6, 1913, and June 10, 1914. 
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efficiencies have been obtained without excessive cylinder tempera- 
tures resulting. 

The high temperatures and the rapid rate at which surplus heat 
has to be carried off by the cylinder walls depreciate from the 
efficiency of an internal combustion engine. 

If, therefore, the mean temperature of the cylinder can be reduced 
without reducing the mean pressure, benefit will result in several 
ways. 

In one method employed by Dugald Clerk, he introduced at the 
end of the suction stroke a further charge of air (or cooled exhaust 
gases) to raise the suction " pressure " to about 8 lbs. per sq. inch 
above atmospheric. 

In this way the charge weight was increased by about 40 per 
cent., and the compression pressure increased, without increasing 
the temperature of compression. 

It was found that the maximum temperature of explosion was 
lowered, and that the mean pressure was increased by about 20 
per' cent. 

It suggests itself, from these results, that by introducing a cool 
inert gas such as air or cooled exhaust gases, or by the injection of 
moisture before the compression stroke is completed, that a greater 
thermal and overall efficiency might be obtained in the case of 
petrol engines without the ill-effects of abnormal cylinder wall and 
piston temperatures. 

It should further be added that high cylinder temperatures also 
lead to cylinder and piston metal distortion, and inadequate lubri- 
cation results, both of which detract seriously from the mechanical 
efficiency and power output of the engine. 

One of the greatest problems met with in Diesel and high com- 
pression engine design is that of overcoming the effects of high 
cylinder temperatures, that is, to prevent serious metal distortions 
occurring which may either crack the walls of the combustion 
chamber or cause piston binding, and put severe stresses upon 
the parts. 

Many elaborate systems of piston cooling have been devised 
and adopted in. oil and gas engine practice. 

In concluding this Chapter, reference should be made to the 
fact that the future development of high speed internal combus- 
tion engines may not necessarily be along the present lines of the re- 
ciprocating type of engine, but quite possibly towards the rotary 
or gas-turbine type working upon the principle of continuous 
communication of angular momentum resulting from a process 
of continuous combustion of the explosive mixture of gases, 
or gases and vapours. 



CHAPTER IV 



Pkessuees and Temperatures in Internal Combttstion Engines 



For the purposes of calculation and of design it is of importance to 
know, and to be able to predict in certain cases, the pressures and 
temperatures existing at different moments in different parts of 
the engine system. 

The difficulty of calculating the probable pressures existing at 
different parts of the cycle is great, and involves a knowledge 
of the variation in the specific heats of the gases, the nature and 
amount of the cooling losses, the volumetric efficiency, and other 
more or less indeterminate factors. 

For the purposes of comparison of the performance of any engine, 
thermodynamically, with the ideal engines, it is necessary to be 
able to predict the theoretical indicator diagram, by an appUcation 
of the principles enunciated in the earher portion of this book. 

It is proposed, therefore, to give an actual example of the method 
of calculating the ideal diagrams and to then deal with the results 
of experiments upon pressures and temperatures in petrol engines. 

Method of Obtaining Ideal Pressures and Temperatures. 

It is required to obtain the pressures and temperatures at 

the four points ABCD of the 
ideal diagram (Fig. 83), assum- 
ing the working substance to 
be air ; this ideal cycle can 
be modified afterwards for the 
variations in the specific heats 
of the gases and for the real 
expansion curve law. 

The ratio of the specific 
heats at constant pressure and 
volume for air, y = 1 -408. 

Taking the compression ratio 
as 4-7, and the initial tempera- 
Volume. ture at A as 100° C. or 373° 

Fig. 83. absolute, 

184 
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We have the pressure at B from the relation 

P^VjT = 14-7 (4-7)i'^ = Pj.l, since V^ = 1 
Whence P^ = 128 lbs. per sq. inch absolute. 
For the temperature at B we have 

Tj = T^rv-i = 373 (4-7)'* = 693° absolute. 
If now we assume that heat is given to the compressed air at 
B until its temperature is, say, 2,000° C. absolute (in the actual 
case, we should require to know the specific heat of the mixture 
and the heat of combustion to determine this maximum tem- 
perature), 

Then we have from PV = C-T, since V is constant, that 

T 2 000 

P^= ^.P, =-'^ 128 = 361 lbs. per sq. inch. 

Also Pg. (4-7)1'* =p^.i, whence P^ =41-3 lbs. per sq. inch. 
Also we have 

T, = T^ rv-i or 2,000 = T^.(4-7)* 
Whence T^ = 1,076° C. absolute. 

So that enumerating the pressures and temperatures calculated 
for the ideal air-standard cycle we have 

P„ = 14-7 Ik. per sq. inch T^ = 373° absolute or 100° C. 

Pi, = 128 „ „ T;, = 693° „ 420° C. 

P„ = 361 „ „ T„ = 2,000° „ 1727° C. 

P^=41-3 „ „ Tg = 1,076° „ 803° C. 

Constant Specific Heat Conditions. 

In order to calculate the pressures and temperatures for the 
case of an ideal engine employing a gas with specific heats which 
do not vary with temperature, and which obey an adia'batic law 
of compression and expansion, consider the case of an engine 
of working capacity -025 cub. feet, and assume that the heat 
supply diu-ing combustion, along BC (in Fig. 83), be 1,150 ft. lbs. (in 
mechanical units). 

Then as before we have P^ = 14-7 T„ = 373° absolute 

P„ = 128 Tj = 693° absolute 

Now from Table V we see that the specific heat of a gaseous 
mixture possessing the same physical properties as air is 19-4 feet 
lbs. per cub. foot. 

Now the heat supplied along BC = 1,150 feet lbs. 

= C„(T, -T,).X-025. 

That is, 1,150 = 19-4 (T, - 693) -025. 

From which T„ = 3,068° absolute. 

T 3 068 

Also P, = -^.Pj = ^ .128 = 577 lbs. per sq. inch 
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Again, P, =^.P, =^ .14-7= 65-1 lbs. per sq. inch 
And T, = ^.T„ = ^.373 = 1,650° absolute 

a 

Enumerating these pressures and temperatures we have 
P„ = 14-7 lbs. per sq. inch T„ = 373° absolute or 100° C. 

Tj = 693° „ 420° C. 

T = 3,068° „ 2,795° C. 



P, = 128 



:577 



1,377° C. 



P, = 65-1 „ „ T, = 1,650° 

It is further of interest to note that by finding the heat rejected 
into the exhaust, we can directly obtain the efficiency of the cycle. 
Thus the heat rejected, H^, = C^^ (T^ - TJ x -025 feet lbs. 

= 19-4 (1,650 - 373) X -025 ft. lbs. 

= 619 feet lbs. 



Then the efficiency = 



H -H^ _ 1,150- 61 9 _ 



462, which is 



H 1,150 

of course the same as when calculated from the relation E = 

•408 



\ r / \4.7 



4-7 

Variable Specific Heat Conditions. 

Consider next the ideal cycle, but with the specific heats varying 
according to the experimentally determined law of variation, 
treated in detail in Chapter I. 

The expansion curve will not follow the adiabatic law, but a 
somewhat similar law ■pv" = constant, where the index n has to 
be determined. 
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Hopkinson,* as the result of many experiments, has obtained the 
internal energy curve shown in Fig. 84 for certain gaseous mixtures 
similar in constitution to those employed in actual engines ; other 
curves and tables showing the internal energy variation with tem- 
perature for different gases and mixtures will be found in Chapter I. 
These curves illustrate a convenient and general method of express- 
ing the specific heat variation with temperature. Table XXXI 
is also given for petrol-air mixtures. 

TABLE XXXI 
Energy in Foot-pounds pee Cubic Foot 



Temperature, 


Ratio ■^'^ -18 


Ratio ^^ -14 


Ratio ^" =10 


Centigrade. 


Petrol 


Petrol 


Petrol 


200° 


2-2x10= 


2-2xl0ii 


2-2x105 


400° 


6-3 „ 


6-2 „ 


61 „ 


600° 


10-9 „ 


10-7 „ 


10-5 




800° 


15-7 „ 


15-4 „ 


15-2 




1,000° 


21-0 „ 


20-5 „ 


20-3 




1,200° 


26-9 „ 


26-1 „ 


25-7 




1,400° 


33-3 „ 


32-2 „ 


31-7 




1,600° 


40-2 „ 


38-6 „ 


38-3 




1,800° 


47-2 „ 


45-7 „ 


45-3 




2,000° 


55-5 ,, 


53-3 „ 


52-7 




2,200° 


63-7 „ 


61-2 „ 


60-7 




2,400° 


72-7 „ 


69-7 „ 


69-2 





As explained in Chapter I, if the internal energy of the mixture 
is known, its corresponding temperature can be read off the curve 
expressing the results of experiments. In the proceeding calcula- 
tions the values given in Fig. 84 are employed. 

In the cycle of operations under consideration, the initial tem- 
perature and pressure are P^ = 14-7 and T^ = 373° absolute respec- 
tively, and the compression is assumed to be adiabatic, so that 
P[, = 128 lbs. per sq. inch and T^ = 693° absolute. 

If the compression be not adiabatic, but follow the law PV" = 
constant, the pressures and temperatures can be estimated in a 
similar manner. 

The value of n for petrol engines lies between 1-2 and 1-4, and 
is usually about 1-35 for the compression hne. 

The pressure at the end of the compression stroke can be esti- 
mated from the relation P„V/ = PsVj". 

* " On the Limits of Thermal Efficiency in Internal Combustion Engines " 
(Hopkinson), Proc. Inst. Civil Engineers, vol. elxix. 
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The temperature at the end of compression stroke is deducible 

T r™ 
from the relation T^ = — £— 

' o 

Considering the work done by the piston upon the gas we have 
Heat energy added along AE (Fig. 83) = -025 (Tj — T„).C,. 

= -025 X 320 X 194 
= 154 foot lbs. 
Also heat added along EC = 1,150 
So that internal energy at C = 1,150 + 154 foot lbs. 

= 1,304 foot lbs. 

Knowing the internal energy at C, we can refer to the curve 
shown in Kg. 84, and read off the corresponding temperature which 

is the abscissa of the point ^-—- (foot lbs. per cub. foot), that is, 

52,150 foot lbs. per cub. foot. 

This temperature will be found to be 1,960° C. or 2,233° absolute 
as the temperature at C. 

„ ^, , , . P, T, ■ Tj 128 X 2,233 ^, ^ . 

From the relation cr^ = =^ we have r. = ^ — , that is 

Pj Tj " 693 

Pj = 418 lbs. per sq. inch. 

From C to D the specific heat is constantly' varjdng, owing, of 
course, to the falling temperature during expansion. Assuming 
the expansion curve to be of the form p'y"= constant, it is a process 
of trial and error to find the value of the constant n. 

T 

Thus if ?i = 1-23 we have T. = 



= 4^=;^ =1,563° absolute, or 1,290° 



4..7'232 

2,233 

"4-7' 

C. 
The internal energy corresponding to this temperature 1,290° C, 
from the curve, is 29,000 foot lbs. 

So that the change of internal energy from C to D will be 
52,150 -29,000, or 23,150 foot lbs. 

Now this should be the same as the external work done by the 
gas in expanding from C to D, that is 

C„ (T„ - T^) = 33-7 X 670 = 22,530. 

It will be seen that these two quantities do not quite correspond, 
so that it win be necessary to choose another value of n, such as 
n =1-22, when a very near approximation wiU result between 
these two quantities. 
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Having found n =1-22, 
say : this corresponds 
with the equation pv^'^^ 
of an adiabatio shown 
dotted in Mg. 85, and mag- 
nified. 

It ■will be seen that this 
adiabatio lies below the true 
expansion curve during the 
first half of the expansion 
stroke, and above it during 

the latter hah, so that the Fig. 85. 

temperature estimated at 
D^ is sUghtly greater than the real temperature D. 

We have also P, = ^^ J^ 

And for n = 1-22 T^ = 1,575° absolute, 
so that P^ 




Adiabatio 



^. 



1,575 418 -„ ,, . . 

. — =63 lbs. per sq. mch. 

2,233 4-7 ^ ^ 



Hence for the case of a variable specific heat we have — 
P = 14-7 lbs. per sq. inch T^ = 373° absolute or 100° C. 
P" = 128 „ „ T, = 693° „ 420° C. 

P„=418 „ „ T„= 2,233° „ 1,960° C. 

P, = 63 „ „ T, = 1,575° „ 1,302° C. 

„ . Available work 

Further, the efficiency = Total heat added 

Now the work done along AB on the gas = 154 foot-lbs. 
And the work done along CD by the gas = 23,150 X -025 = 579 
foot -lbs. 

So that the available work = 579 — 154 = 425 foot lbs. 

425 
Hence the efficiency = -rjar^ ~ '^^'^ 

It will be seen that this value is much lower than that obtained 
upon the assumption of a constant specific heat. 

It is this lower value of the efficiency of the ideal engine with 
which the real performance of any engine should be compared, 
as it represents the maximum possible efficiency that an actual 
engine can attain, and takes account of the properties of the working 
substance. 

There are other methods for approximately calculating the 
pressures and temperatures wdthiti the cylinder of an internal 
combustion engine which take into account the cooling effect of 
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the walls, and the increase in volume of the gases after combustion, 
which may amount to 5 per cent. 

The problem of estimating temperatures and pressures from 
the indicator diagram, knowing approximately the properties of 
the gases, and the actions occurring within the cylinder, is com 
plicated, as the actual state of affairs existing is not yet agreed 
upon by all authorities, and only imperfectly known, at least 
in degree. 

A knowledge of the duration of the period of combustion, the 

nature and magnitude of the 
wall action throughout the 
cycle, the radiation factor, etc., 
is necessary before the true 
temperatures and pressures are 
calculable. 

For an approximate method 
of estimating the quantities 
im^der consideration the reader 
wUl do well to consult The 
Automobile Engineer, from 
December,* 1911, onwards. 

The assumptions there made 
are based upon the results of 
closed explosion vessel experi- 
ments, in which the resulting 
presstires are nearly always 
found to be about half the 
pressures calculated, assuming 
no wall actions, and an 
example of the pressures and 
temperatures obtained by the 
author of the above article is 
reproduced in Figs. 86 and 
87. 

The diagram shown by the full lines ABCD in Fig. 86 represents 
the ideal theoretical diagram assuming adiabatic processes and 
no cooling effects. 

The shaded diagram. Fig. 86, shows the calculated results, taking 
into account the assumed cooling effect of the walls upon the charge, 
the external cooling from the walls by radiation and conduction, 
and the heating effect of the remaining exhaust gases upon the 
fresh charge. 

* " Pressure and Temperature in the Internal Combustion Engine,'' by 
J. L. Napier. 
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Similar assumptions are made in estimating the temperatures 
at various points of the working cycle, the results of which are 
reproduced in Fig. 87. 

The shaded diagram represents the calculated temperatures at 
different points in the cycle, making due allowance for the wall and 
external cooling action. 

It should be mentioned that in the above cases the compression 
ratio is taken as 5, and that the " heating value " of the mixture 
is assumed to be 2,000 centigrade units. 

The full line diagram in Fig. 87 represents temperatures calculated 
upon the assumption that no wall action or external cooling 
occurs. 

In a Paper * 
upon the pro- 
perties of in- 
ternal combus- 
tion engine 
fuels a method 
is mentioned of 
estimating the 
temperatures 
during the ex- 
pansion and 
compression 
strokes. In the 
examples con- 
s i d e r e d the 
data was ob- 
tained from a 

petrol engine to which two indicators were fitted, a three-way cock 
enabling either to be independently connected to the cylinder. 
One indicator had the usual diaphragm for recording compression 
and expansion pressures, whilst the other was fitted with a thin 
diaphragm for recording suction and exhaust stroke pressures. 

The exhaust temperature was first calculated upon the assump- 
tion of a suction temperature of 147° C, and then the suction tem- 
perature resulting from admixture of the measured fresh charge 
with the residual exhaust gases at the calculated temperature was 
estimated. 

Using this new calculated suction temperature as the correct 
one, the temperature corresponding to any other point on the 
indicator diagram could be estimated. 

* " Benzol, Alcohol and Mixtures, as Fuels for Internal Combustion 
Engines " (Dr. Watson), Proc. Inst. Aut. Engineers, 1914. 
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The results were corrected - for the increase in volume which 
occurs during combustion and which affects the expansion stroke. 

The results of calculations made in the ahove manner and with 
the aid of the indicator diagrams, are illustrated in Mg. 88 for both 
benzole and petrol mixtures with air. 
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Fig. 8S. — Exhaust and Compression Tempekatubbs (Watson). 

It wiU be noticed that the temperatures attained with these 
fuels are very similar. 



Effect of Residual Exhaust Gases upon Suction Tempera- 
ture. 

For the purposes of more accurately estimating the suction and 
other temperatures, it is necessary to take into consideration the 
temperature and amount of exhaust gases remaining within the 
cyHnder at the end of the induction stroke. 

The effect of the combustion chamber volume of hot exhaust 
gases at atmospheric pressure mixing with the inducted fresh 
charge at atmospheric pressure and temperature wiU be to increase 
the suction temperature. 

If the temperature of the exhaust gases be T° C, and atmospheric 
temperature be t° C, and if V be the volume of the combustion 
chamber, we have — 

Volume of fresh charge at atmospheric pressure and temperature 
t° C. = (w — 1) V, where n is the compression ratio. 

If the density and specific heats of the gases remain constant we 
get— 

mV 
"T, 



[n — i)V wV 

^^ — -L — - by Charles's law. 
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Whence the suction temperature — 

n _ n.t.T 

Ts = n -1 n ~ (n - 1)T + nt. 
^~~ Y 
The temperature of the exhaust gases can be obtained by direct 
measurement with a platiaum thermometer. 

Temperature Measurements. 

It has long since been recognized that any theoretical estimate 
of the temperatures existing within the cylinder can be approximate 
only, on account of the complicated nature of the actions occurring 
within, and so attempts at direct measurement have been made 
in the cases of the gas and petrol engine. 

The direct measurement of temperature within the cylinder 
during a working cycle is a difficult process, on account of the high 
explosion temperatures attained, and which have been found to 
affect the working of the measuring apparatus, for the temperatures 
are usually above that of the melting point of platinum, so that 
it is impossible to employ electrical thermometers of this type to 
measure explosion temperatures. 

Another difficulty lies in the rapid variation in temperature of 
the charge during one complete cycle, and in the case of the petrol 
engine, where about 1,000 cycles per minute may happen, such 
rapid temperature changes are exceedingly difficult to follow. 

Most of the measurements so far attempted have been made 
upon comparatively slow-running gas engines, although a few 
temperature measurements have been made in connexion with 
the petrol engine. 

It will be of interest to briefly consider here the methods and 
results of gas engine measurements first, and to deal with the petrol 
engine later. 

In studying the behaviour of the gases from the indicator dia- 
gram, it is very essential to know with some degree of accuracy the 
temperature at one point of the cycle, from which the tempera- 
tures and pressures at other points can be deduced, as explained 
in the earlier portion of this chapter. 

Earlier Attempts. 

The earliest attempts at single temperature measurements at 
the commencement of compression (called the ' ' suction tempera- 
ture") were made by measuring the pressure, volume and temperature 
of the fresh charge entering the cylinder and simultaneously measur- 
ing the temperature of the discharging exhaust gases, from which 
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it was assumed that the temperature of the gases retained in the 
combustion chamber at the commencement of the suction stroke 
could be obtained. 

This method was employed by Dugald Clerk, Slaby and Thurston, 
and gave approximate values. 

The value for the suction temperature in the low compression 
gas engines of the period 1880 to 1885 was found to be about 120° C. 
at full load, and the exhaust temperature measured in the exhaust 
pipe to be about 400° C. 

Burstall's measurements for the Gas Engine Research Com- 
mittee in 1895 gave the suction temperature as lying between 
84° C. and 99° C, depending upon the compression ratio em- 
ployed. 

The results obtained by this method can only be regarded as 
approximate, as the exhaust gas temperature within the cylinder 
cannot be accurately inferred from measurements within the 
exhaust pipe, although in modem gas engines where the com- 
pression pressures are high and the combustion chamber volume 
small the error introduced by wrong estimation of the exhaust 
temperature is email. 

This more or less unsatisfactory method has led to attempts at 
direct measurement of the temperature, the earhest being made 
by BurstaU,* with the engine running upon weak charges under 
light load and at low speeds, since the temperature attained 
during explosion, under normal conditions of running, melted the 
platinum wire of his electrical thermometers. He was able to obtain 
a few temperature values under the above-mentioned conditions, 
from which he concluded that the highest explosion temperature 
was at least 1,250° C. In some later experiments made for the 
Gas Engine Research Committee, temperatures as high as 1,570° C. 
were observed. 

The suction and compression stroke temperatures have been 
measured accurately by Profs. Callendar and Dalby f by means 
of the platinum resistance thermometer, by the " jack-in-the-box " 
method. 

This method consisted in introduciag a fine platinum loop of 
To OS inch diameter (to take up the temperature quickly) into the 
cylinder by an arrangement shown diagrammaticaUy in Fig. 89. 
From this diagram it will be seen that the stem of the admission 
valve is hoUow, whilst the " temperature valve " which was 
worked quite independently, and by a separate cam, could be made 
to expose the delicate platinum loop during the compression and 

* Phil. Mag., vol. xl. p. 282. 
t Proc. Roy. Soc, 1907. 
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suction strokes, but during the explosion stroke the temperature 
valve was closed, thus shielding the platinum loop. 

In conjunction with this ingenious temperature valve, which 
could be opened at any given part of the stroke, a contact breaker 



Platinum 
■Loop 




Thenmom. 
Valve 

"•Mmisaion 
Valve. 



Fio. 89. — Tempkratuee Valve [Callendab and Daley.] 



was employed to make an instantaneous connexion between the 
thermometer and the measuring instrument just at the moment 
the temperature was required to be measured. 

The resistance of the platinum loop could thus be measured for 
a very small time interval by means of the galvanometer. 

At the predetermined point in each cycle the galvanometer 
received a small current, so that the average of several working 
cycles could be obtained. 

In conjunction with indicator diagrams taken at the same time, 
the temperatures at different points of the diagrams could be 
calculated. 

A diagrammatic sketch of the arrangement employed is illus- 
trated in Fig. 90, in which the connexions between the contact 
breaker C and the electrical " bridge " B are shown. 

The spring plates a and 6 were made to press upon two cams 
worked off the lay shaft, and could be adjusted relative to each 
other. 

Contact was made by the point p, which completed the battery 
circuit when the cam was in its lowest position. 

The graduated disk D could be adjusted to make the battery 
circuit at any given moment, or for any piston position. 

The duration of the contact corresponded to about 20° crank 
angle, and the strength of the current through the thermometer 
was -005 ampere. 

It will be evident that with rapidly varying temperatures there 
will always be a certain time lag between the occtirrence of the 
true temperature and the recorded temperature. The amount of 
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this lag will depend upon the thickness of wire used in the ther- 
mometer, and upon the sensitiveness of the measuring instruments. 

In CaUendar and Dalby's apparatus the time lag was reduced 
to a small value ; at a speed of 130 revolutions per minute, and 
with a temperature variation of about 200° in half a revolution, 
the thermometer lag was -06 second, corresponding to about 
10° of crank angle. 

In order to determine the thermometer lag, the engine was 
motored around, with the platinum thermometer in place, and 
pure air only was compressed and expanded, in one case with the 
valves working normally, and in another case with the valves 
closed. 




Index 



Compensating Lead^ 

ft Thermometer 

Fig. 90. — Diagrammatic Abeangement of Callendar and Dalby's 
Tempebature Apparatus. 



Indicator diagrams were taken during these tests, and also 
thermometer readings. 

The temperatures calculated from the indicator diagrams were 
compared with those directly measured, and the lag effect correction 
thus obtained. 

Fig. 91 illustrates approximately the temperatures obtained 
by the two methods in these tests, and the amount of the lag at 
different points in the stroke can be at once obtained. 

It was found by this method that the suction temperature varied 
from 95° C. at light load to 125° C. at fuU load. 

The mixture employed was rather rich, consisting of air and 
gas in the proportions 5-8 to 1. 
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1. Temp. Curve from Indicator Diagram. 

2. ■» " by Platinum Thermometer. 
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91. — Time Temperature Curves. 



Erom these suction and compression temperatures it was calcu- 
lated that with the rich mixture employed the explosion temperature 
was about 2,500° C, whilst with a less rich mixture of 7-1 air to 1 
of gas the maximum temperature attained was about 2,250° C. 

Further, the exhaust temperature in the case of the rich mixture 
was 870° C, and in the case of the poorer mixture was 800° C. 

Prof. Goker's Method. 

The method employed in Prof. Goker's earlier tests consisted 
in using thermo-couples of platinum rhodium and platinum iridium ; 
with such couples he found the explosion temperature with a weak 
charge to be about 1,700° C. 

The results of later experiments in 1912 led to the conclusion 
that the maximum temperature with a mixture of 7-35 to 1 was 
somewhat higher, namely, about 1,800° C. 

In some recent experiments by Coker and Scoble * upon a 
12 H. P. gas engine running at 240 revolutions per minute, thermo- 
couples consisting of cast-iron plugs and wrought-iron wires were 
used to measure directly the temperatures at or near the surfaces 
of the cylinder, a typical arrangement being to insert such a couple 
in the head of one of the valves, as shown in Fig. 92. 

Both cyclical and mean temperatures could be measured by 
means of these couples. 

For measuring instantaneous temperatures a percussion contact 

* Proc. Inst. Civil Engineers, 1913—14. 
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breaker similar to 
Callendar and Dalby's 
was employed, and 
the authors state that 
■with their arrange- 
ment a complete cycle 
of twelve equidistant 
readings can be ob- 
tained in about two 
minutes, the engine, 
of course, runniag 
quite consistently 
during this period. 

In measurements of 
the explosion temper- 
atures the platiaum 
rhodium and platinum iridium couples were found to withstand 
the temperatures attained for fairly long periods. 

The general arrangement of the explosion temperature couple 
is indicated in Fig. 93. 

The two platinum alloy wires of about -0005 inch thickness, AB 
and BC, are electrically fused together at B, and insulated from 
the metal body of the valve by fireclay tubes E, plaster-of-paris 
being employed to keep the whole in position. 

The outer steel sheath V containing the couple was inserted in 

the combustion chamber of the cylinder, the conical seating making 

the necessary gas-tight joint with the metal of the cylinder walls. 

The couple itself in some of the tests made projected by about 

\ inch into the cylinder. 

The results of measurements 
working strokes are shown 
in Fig. 94 for an air-gas 
ratio of 7-35 to 1. 

The maximum tempera- 
ture measured was about 
1,840° C. and the tempera- 
ture at the commencement 
of the exhaust stroke about 
850° C. 

It was found that within 
limits the richer the mixture 

of gas and air, the higher 

, , • , _„ FiQ 93. — ^Aerangement foe Measue- 

was the maximum temper- ^^^ Tempeeatuee of Combustion 

ature measured. Chambee. 



made at different points of the 

Combustion 
[Cliamber Waii 
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Thus using a mixture 
of 5-66 to 1 the raaxi- 
mum pressure (from the 
indicator diagram) was 
433 lbs. per sq. inch, and 
the maximum tempera- 
ture was 2,250° C. 

It was also noticed 
that the temperatiu-e of 
the jacket outlet did 
not affect the tempera- 
tiu^e of the gas during 
expansion, but that the 
compression temperatures 
were higher with warmer 
jackets. 

As regards the temper- 
ature of the gases in 
the exhaust pipe, which 
were measured at differ- 
ent points of the working 
cycle, these temperatures 
were found to vary be- 
tween about 300° C. and 
650° C, and to follow 
definite cyclical varia- 
tions, as shown ia Kg. 95. 

It will be rather interesting to compare the temperature variations 
in the exhaust pipe with the corresponding pressvire variations 
given in the latter part of this chapter and to notice the drop in 
temperatme after the exhaust valve opens, and sudden rise as the 
valve opens, and the effect of the pressure pulsations upon the 
temperatures. 

The mean temperature of the exhaust gases for different mixture 
strengths in the case of a petrol engine is shown in Fig. 96, and 
obtained by the author by direct measurements, electrically, of 
these temperatures in the case of a motor-car engine running at 
1,100 revolutions per minute. 

In connexion with the results of measurements of the metal 
temperatures within the cylinder, etc., the authors of the above- 
mentioned paper found that the average temperature of the exhaust 
valve head was 400° C, this being the highest recorded metal 
temperature . 

The inlet valve head temperature was 300° C, and at the centre 



2500 


SUCTION 


COMPRESSf^ 


£Xf 


>ANS 


/OM 


EXHAUST 








































































































2000 
































































































































1600 














1 
























\ 
















































































\ 










1000 
















\ 


























\ 


























\ 


s 


























\ 




























^^vl 




N 




























N 


























\ 


s 






J 




















X 




h f 


/ 




































































Fig. 94.- 



180 720 640 36 

Crank Angle. 

-TEMPEKAT0RE CyCLE EOB GaS 

Engine. 



200 HIGH SPEED INTERNAL COMBUSTION ENGINES 



S 400 

P< 

a 



300 



Fig. 



of the piston its maxi- 
mum mean value was 
340° C. 

Hopkinson found in 
the case of a Crossley 
engine running upon a 
rich mixture and with 
boiling jacket water that 
the exhaust valve tem- 
perature was 530° C, 
and the inlet valve 330° 
C, and concluded that 
at the centre of the 
piston head the temper- 
ature was probably 
500° C. It is also of 
interest to note that he 
gives 700° C. as the 

360 360 Preignition temperature, 

Crank Angle. above wMch valve the 

95.— Tempekatitbe of Gas in Exhaust incoming charge would 
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Under medium conditions Hopkinson obtained a mean exhaust 
valve temperature of 400° C, and of 250° C. for the inlet valve, 
accompanied by a cyclical variation of 15° C, which latter varia- 
tion agrees very well with Coker and Scoble's results. 

Petrol Engine Temperatures. 

Unfortimately, the available data in the case of the petrol engine 
is very limited, owing no doubt to the much greater difficulty of 
measurement and to the complications introduced by the relatively 
higher speeds and conditions of running of these engines. 

Prof. CaUendar made some temperature measurements upon an air- 
cooled petrol engine in 1904, the results of which are interesting. 

Using thermo-couples of iron and nickel wires about one milli- 
metre in diameter in conjunction with a sensitive galvanometer, 
he measured the temperatures of the walls and valves under road- 
running conditions. The temperatures of the cylinder head above 
the inlet and exhaust valves were measured by a pair of couples 
screwed into the metal just over the valves. 

At 2,000 revolutions, with retarded spark and half -throttle the 
temperature on the exhaust side rose to 570° C. in a short time, 
whilst the inlet side remained comparatively cool, with the engine 
not running. The actual temperature of the exhaust side under 
road conditions with a cooling draught of air did not exceed 400° C. 

He foimd that the highest exhaust valve temperatures were ob- 
tained at full throttle with the spark retarded, the greater part of 
the heating effect being due to the sudden outrush of the hot gases 
at the moment of exhaust, and not to the explosion temperature. 

With the spark advanced, and running under load the tem- 
peratures observed were lower for the same throttle setting. 
The inlet valve was found to be kept comparatively cool at about 
70° C. with the cooling air blast, and also partially due to the 
vaporized petrol-coohng effect. 

As regards the combustion chamber temperature, it was found 
that without artificial or external air-cooling the exhaust side of 
the cylinder head was about 80° C. hotter than the inlet side after 
a few minutes running. 

Employing fans he foimd that the temperature of the combustion 
chamber never rose above 200° C. on the exposed side and 260° C. 
upon the sheltered side, and that the cylinder barrel mean tempera- 
ture varied between 150° C. and 200° C. 

" Overheating " was found to commence when the temperature 
of 300° C. was reached at the upper part of the piston stroke. 

Cylinder barrel temperatures were measured by means of thermo- 
couples j)laced at the top, middle and bottom of the piston stroke. 
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Although one would expect to find the top of the barrel hotter 
than the bottom, from conduction of heat considerations, yet 
actual measurements showed practically no difference of tempera- 
ture, the top of the cylinder barrel being at 200° C, and the lowest 
part corresponding with the lowest position of the piston top beiag 
only 20° C. lower in temperature. 

This effect is attributed to " piston convection " ; similar effects 
have been found in high speed steam engines, where the piston at 
the top of its stroke absorbs heat and carries it quickly to the lower 
end, where it is absorbed by the cooler walls. 

The difference of temperature between the two ends is smaller 
as the speed increases ; this effect is beneficial in equahzing the 
cylinder barrel expansion and cooUng effects. 

With retarded spark, and therefore a slower explosion, it was 
found that more heat was communicated to the cylinder head, 
owing to the outrush of the hot exhaust gases. 

With advanced spark more heat was foimd to be communicated 
to the barrel surface, due to the prolonged exposure, and this heat 
was found to be distributed uniformly along the barrel by piston 
convection. 

From Hopkinson's experiments it would appear that the tem- 
perature of the exhaust gases at the end of the exhaust stroke is 
from 600° to 700° C. ; this agrees fairly well with the measure- 
ments of temperatures near the exhaust valve made by the author 
upon a car engine, which were found to vary with the mixture 
strength (the speed being constant at 1,100 revolutions per minute), 
from 600° C. for very weak and very strong mixtures, to 750° C. 
for the correct strength of mixture. 

The actual exhaust temperature in any given engine depends 
upon the compression ratio, engine speed, and general design, so 
that it may be expected to vary, for these reasons, in different 
engines. 

The temperature at the centre of the piston in a Siddeley four- 
cylinder car engine Hopkinson tested is given as about 500° C. 

The inlet valve mean temperature probably lies between 100° C. 
and 200° C. in normal car engines, and that of the exhaust valve 
between 350° C. and 450° C. when working at medium speeds under 
normal loads ; these figures must be taken as provisional only, 
and in the absence of further experimental evidence. 

Pressures in Internal Combustion Engines. 

It has already been shown how the pressures at different points 
in the working cycle may be calculated upon certain given assump- 
tions ; it may here be of some interest to consider the results of 
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measurements of the pressures within the cylinder of a petrol engine 
and in closed explosion vessel experiments — the actual methods of 
measurement employed, however, will be considered in detail in 
Chapter V. 

Experiments made at the Massachusetts Institute of Technology 
upon the pressures attained by exploding mixtures of air and 
petrol vapour, in a closed explosion vessel, show some interesting 
results. 

These experiments were performed upon mixtures, in different 
proportions, of air and petrol vapour, the liquid density of which 
was 0-648 at 86° Fah., and the initial pressures were atmospheric 
in all cases. 

Two grades of petrol were tried, but the general results were 
the same with each, the maximum pressures being nearly identical. 

The results of some of these experiments are given in Table 
XXXII. 

TABLE XXXII 
Closed Explosion X'essel Experiments trpoN Aik-Petrol Mixtures 







Maximum 






Percentage of 


Time of 


Pressure in 


Mean Pressure 


AffpnT) "PrpQQiirp 


Petrol Vapour 


Explosion 


lbs. per sq. inch 


in lbs. per sq. 


ITX^ulX J. 1. C^OOUJ.^^ 


in Mixture. 


in seconds. 


above 
Atmosphere. 


inch. 


Vapour Ratio. 


1-51 


■083 


70 


49^4 


3,260 


1-64 


•100 


73 


510 


3,110 


1-79 


•090 


71 


47^7 


2,670 


1-96 


•083 


76 


51-7 


2,634 


2-17 


■058 


70 


48-4 


2,225 


2-44 


•067 


80 


53^4 


2,190 


2-56 


■075 


84 


564 


2,200 


2-63 


•055 


86 


57 


2,164 


2-78 


•083 


78 


54^0 


1,945 


3-03 


•091 


76 


53-4 


1,760 


3-23 


■083 


77 


54^0 


1,675 


3-45 


■083 


77 


64^7 


1,587 


3 85 


075 


66 


50^0 


1,300 


4-17 


■066 


60 


46^0 


1,104 


4-76 


•066 


50 


44^0 


925 



From a study of these values it wiU be clearly seen that the air- 
petrol mixture giving the maximum pressure consists of 2-63 per 
cent, of petrol vapour, the pressure reached being 86 lbs. per sq. 
inch above atmospheric. 

The figures given in the third column are of some interest, indi- 
cating the mixtiire yielding the greatest pressure per unit mass 
of petrol vapour. 

It will be seen that the mixture containing 1^51 per cent, of 
petrol vapour is the most efficient in this respect, and this result 
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is in accordance with the well-known fact that the weaker, in petrol, 
mixtures employed in petrol engines are the most thermal efficient 
ones. 

iProm experiments made upon coal gas and air in the same 
apparatus it was further shown that whereas with petrol air mix- 
tures at atmospheric pressure initially the best explosive pressure 
was 86 lbs. per sq. inch, yet with the best coal gas and air mixture 
in the proportions of 1 to 5, the maximum pressure reached was 
96 lbs. per sq. inch. This result would appear to indicate the 
inferiority of the petrol engine so far as power is concerned in com- 
parison with the gas engine of similar dimensions, but the effects 
of the high speed of the petrol engine and other conditions existing 
in reality result in higher mean pressures being attained for the 
same conditions of compression. 

As a point of interest, mention will be here made of other tjrpes 
of internal combustion engine, in order that the relation of the 
petrol engine type to these may be understood. 

Dealing with the modem gas engine, we find that compression 
pressures up to 200 lbs. per sq. inch can be employed for general 
use, corresponding with compression ratios varying between 4-5 
and 8-0, the usual compression pressure employed being about 
150 lbs. to the square inch above atmospheric, and corresponding 
with a compression ratio of about 6-4. 

It has been found in gas engine work that with such compressions 
the best fuel economies are obtained, and that the volumetric 
efficiencies are correspondingly suitable. 

The explosion pressures measured in gas engines vary from 400 
to 600 lbs. per sq. inch under the above conditions ; thus the 
average explosion pressure measured in the case of a large Crossley 
gas engine with an indicated compression pressure of 150 lbs. per 
sq. inch and with a rich gas to air mixture was 460 lbs. per sq. 
inch. 

In the case of the usual heavy oil type of Diesel engine the com- 
pression pressure is usually between 450 and 600 lbs. per sq. inch, 
being about 600 lbs. per sq. inch upon the average, corresponding 
with a temperature of compression of 600° C. 

The explosion or combustion pressures are generally somewhat 
higher, and with high compressions may reach values as high as 
1,000 lbs. per sq. inch. 

An engine of this type tested by Prof. Junkers with a com- 
pression of 600 lbs. per sq. inch absolute, when working normally 
upon Califomian heavy oil, gave a maximum pressure of 690 lbs. 
per sq. inch and a mean indicated pressure of 151 lbs. per sq. inch ; 
further, when this same engine was overloaded, a maximum pressure 
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of 1,070 lbs. per sq. inch with a mean pressure of 194 lbs. per sq. 
inch at 200 revolutions per minute were attained. 

The above results refer to an experimental engine ; with the 
usual marine type Diesel engines, the maximum explosion pressures 
wUl not generally exceed 650 lbs. per sq. inch, whilst the mean 
pressures are usually not greater than 100 lbs. per sq. inch in well- 
designed types. 

The crude oil semi-Diesel type of engine used upon motor vessels 
usually employ compressions from 150 up to 250 lbs. per inch, 
whilst with slow-running paraffin engines of the motor- boat and 
stationary lighting set the compressions are fairly low, and usually 
lie between about 40 and 90 lbs. per sq. inch. 



Pressures occurring in Petrol Type Engines. 

With engines primarily designed for running upon petrol, 
the compression ratios vary from 3 to 5 J, according to the 
type. 

The slower speed commercial type of car engine and most of 
the earlier car engines seldom have compression ratios exceeding 
4-0 and corresponding with compression pressures of about 90 lbs. 
per sq. inch. 

The average car engine of the present time is given a compression 
ratio lying between 40 and 5-0, being about 4-5 upon the average, 
which corresponds with a compression pressure of about 105 lbs. 
per sq. inch. 

The maximum compression pressures which appear to have 
been used at present are about 135 lbs. per sq. inch, and correspond 
with compression ratios of 5-3. 

The explosion pressures for the range of compressions used in 
motor engine practice vary from about 200 lbs. per sq. inch to 
350 lbs. per sq. inch. 

It is of course possible to obtain even higher explosion pressures 
under abnormal conditions up to 450 lbs. per sq. inch ; the author 
has observed indicated maximum pressures of over 400 lbs. per 
sq. inch, following a period of non-firing in one cylinder. 

The usual explosion pressures in good designs of car engine lie 
between 250 and 350 lbs. per sq. inch. 

The mean effective pressures developed in car engines at the 
maximum power output vary from 70 to 110 lbs. per sq. inch, 
reckoned on the brake horse power ; this mean effective pressure 
is generally denoted by the symbol 77. p, where rj is the mechanical 
efficiency, and p the indicated mean effective pressure. 

The maximum value for rjp obtained in the Rating of Petrol 
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Engines Committee's tests * was 104 lbs. per sq. .inch at about 
1,000 revolutions per minute. 

The compression pressures of air-cooled petrol engiaes are lower 
than with the water-cooled types, and vary from 70 to 95 lbs. per 
sq. inch in modem types, being chiefly Umited by cooling con- 
siderations, since high compressions are associated with high 
temperatures. 

In connexion with two-stroke petrol engines of the three-port 
type, the allowable compression pressures with both air and water- 
cooled types are generally appreciably lower than with corresponding 
sizes of four-cycle engines ; the compressions realized are also 
aSeoted by the poorer volumetric efficiencies, which correspond 
in effect with throtthng of the charge, poorer exhaust scavenging 
and loss of charge, etc. 

With the improvement of the two-stroke engine, the compression 
pressure has risen, and mean effective pressures varying from 70 
to 80 lbs. per sq. inch have been indicated. 

Some tests upon exceptionally good two-cycle engines f have 
given measured values of rjf varyiag from 80 to 90 lbs. per sq. 
inch. 

In connexion with aeroplane engines, in which it is essential to 
obtain the maximum power output from a given cylinder capacity 
and engine weight, the values of t^p for air-cooled engines vary 
from 70 to 95 lbs. per sq. inch, being upon the average about 80 
lbs. per sq. inch, whilst with the water-cooled types in which higher 
compressions are used, the values of ?^p vary from 80 to 110 lbs. per 
sq. inch, a good average figure from test results J being 90 lbs. per sq. 
inch. It might be here mentioned that most types of aeroplane en- 
gines usually run at about half of the maximum speed of car engines, 
owing to the fact that aerial propellers work more efficiently at 
lower speeds. The speeds of aeronautical engines, in which the 
propeller is directly coupled to the crankshaft, vary from 1,100 to 
1,400 revolutions per minute ; it has been found possible, however, 
in some engines to drive the propeller off the cam-shaft, at half the 
engine speed, in which case the engine revolutions per minute vary 
from 1,700 to 2,500, and better weight economy results. Engines 
of the second type are usually on the Vee cyHnder principle, examples 
of which are to be found in the 90 H.P. Renault running at 1,800 
revolutions per minute, and the Sunbeam aeroplane engines run- 
ning at 2,000 revolutions per minute. 

* Proc. Inst, of Aut. Engineers, 1910-11, vol. v. 
t " Two-Cycle Engines " (Brewer), Proc. Soc. Engineers, 1912. 
j " Aeronautical Engines " (Graham Clark), Proc. Inst. Aut. Engineers, 
1912. 
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Aeroplane engines are usually of larger horse powers and cylinder 
dimensions. 

Up to a certain limit the effect of speed increase is to raise 
the mean pressure, owing to the reduction in the cooling losses. 
Above this limit the opposing effects of poorer volumetric efficiency, 
charge heating, etc., causes a reduction in the mean pressure. 

The eSect of cyhnder dimensions upon the mean pressures is 
considered later, and it will be shown that the larger diameters 
of cylinders are more favourable to the development of high mean 
pressures. 

From the point of view of the cooling losses, therefore, the aero- 
plane engine would appear to be at a disadvantage owing to the 
relatively lower speeds, but from its larger cylinder dimensions, in 
many cases, and from the higher volumetric efficiencies realized 
at the lower speeds, the mean pressures should be higher than 
with the car engine. 

Generally speaking, the mean pressure reahzed in practice depends 
largely upon the design of engine (that is, upon the cylinder dimen- 
sions, combustion head design, valve settings, and design of the 
working parts), the compression pressure employed, the speed of 
the engine, temperature of the cooling system, nature of the fuel 
employed, and the mixture proportions. 

Variation of Mean Pressure. 

The values previously given represent the best pressures obtained 
under the most favourable conditions, and it does not follow that 
a given compression pressure will correspond with a certain mean 
pressure, for the latter varies very considerably with mixture 
strength, engine design, and to a lesser extent with the speed 
and throttle opening. 

As an example might be mentioned the case of a car engine 
tested by the author with a compression pressure of 80 lbs. per 
sq. inch, in which the mean pressure varied at 1,100 revolutions 
per minute from 60 lbs. per sq. inch with weak mixtures to 86 
lbs. per sq. inch with fairly rich mixtures, and from 82 lbs. per 
sq. inch down to 75 lbs. per sq. inch as the speed increased from 
1,000 revolutions per minute up to 1,700 revolutions per minute 
with the same mixture strength — this latter effect being due to 
throtthng of the charge owing to the design of the engine 
tested. 

In well designed engines the volumetric efficiencies do not fall 
off very much with speed over the working speed range, and the 
mean effective pressures are fairly well maintained over this 
range. 
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Variation of Mean Pressure with Mixture Strength. 

The manner in which the mean pressm-e is influenced by the 
quaUty of the mixtm-e is shown graphically in Fig. 97 for the case 
of a four-cyUnder car engine tested by Dr. Watson, and rmining 
upon petrol as fuel. 

It will be observed that with poor mixtures (in petrol) the mean 
pressures (which in this case are indicated pressures) are low, on 
account of the low heating value of the quantity of mixture present ; 
as the mixture is enriched in petrol the mean pressure increases, 

and reaches a 
maximum value 
for a mixture 
proportion 
appreciably 
richer than the 
optimum m i x - 
ture for theoreti- 
cally perfect 
combustion a t 
about 14-7, on 
the curve shown. 
There is no 
doubt that the 
residual exhaust 
products at the 
commenc e m e n t 
of the suction 
stroke have an 
influence upon the fresh charge, and possibly the richer mixtm-es 
supplied by the carburettor, are necessary to counteract the effects 
of exhaust dilution for the maximum pressures to be realized. 

From the curve given in Fig. 97, it appears that the mixtures 
giving the maximum power, but not maximum fuel economy, or 
thermal efficiency, are rich mixtures ; this fact is borne out by 
the experiences of carburettor experts and racing men. 

Some interesting experiments * have been made upon a sleeve 
valve engine using other fuels than petrol, the results of which are 
illustrated in Fig. 98, the pressures given being indicated ones. 
The fuels employed were petrol, benzole and alcohol, and the 
same conditions of compression and speed were reaUzed in each 
case. 

It is interesting to notice that the maximum pressures with the 

* Proc, Inat. Aut. Engineers, 1914H6 (Watson). 
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two latter fuels were slightly higher than with petrol, although the 
compression pressures were the same in each case. 

It is known that different fuels when mixed with air require 
different compression pressures in order to yield their maximum 
working pressures ; this fact in itself would suggest different 
designs of engine for different types of fuel. 

The compression pressures required for the best results with 
paraffin as a fuel are about 75 to 85 per cent, of those with petrol, 
whilst with benzole compression pressxires of 110 to 120 per cent, 
of those used in petrol engines are necessary for higher mean 
pressures to be realized. 

Alcohol works most satisfactorily with compression pressures 
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varying from 150 to 200 lbs. per sq. inch. These compression 
pressures are about 100 per cent, greater than are employed in 
petrol engines, and yield high mean pressures under these conditions. 



Effect of Cylinder Dimensions upon Mean Pressures. 

In connexion with the subject of thermal efficienoy (page 143), 
some reference was made to Prof. Callendar's expression for the 
efficiency of internal combustion engines of varying sizes running 
under similar conditions. 

The expression there given for the efficienoy was deduced from the 
results of experiments upon an air-cooled petrol engine, and gas 
engines, and included terms taking into account the effect of 
cylinder diameter and engine speed. 

It was shown that the cooling losses during combustion 
and expansion were relatively greater in smaller engines than 
in larger engines running at the same speed and mixture con- 
ditions. 

It will be seen that for combustion chambers of similar design, 

P 
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the surface of the chamber which is directly exposed to the hot 
gases varies as the (diameter)^, while the volume of the chamber 
varies as the (diameter)^, so that the ratio of surface to volume 

varies as — ; — and therefore increases as the bore diminishes, 

diameter 

and vice- versa ; the larger diameters will accordingly give smaller 

cooling losses. 

The effect of the relatively greater cooUng losses in the smaller 
engine would be to reduce the mean effective pressure by lowering 
the expansion curve, and therefore the area of the indicator 
diagram. 

The variation of the mean pressure with cylinder diameter is 

given by CaUendar * SiS rjp = h ll — -j-j , where k is a constant* 

rjp being the brake mean pressure and d the cylinder diameter. 

The informa- 
tion given in 
the Horse 
Power Ratings 
Committ ee's 
R e p o r t t 
throws an im- 
portant light 
upon the effect 
of the cylinder 
diameter upon 
mean pressure. 

The results 
of some 124 
tests upon vari- 
ous makes and 
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sizes of engines did not yield any conclusive evidence, but when 
the results of tests made upon 1,700 engines of one particular 
make, but of different sizes, were analysed, it was found that 
the value of 7]p increased with the cyhnder diameter, as shown 
in Fig. 99 ; the experience of many other makers of engines 
also proves that in testing engines under similar conditions, r]p 
increases with the cylinder dimensions. 

It is also known that the mechanical efficiency of large engines 
is greater than in small engines, apart from the smaller relative 
cooling losses. 



• " The Effect of Size on the Thermal Efficiency of Motors ' 
Proc. Inst. Aut. Engineers, 1906—7. 
t Proc. Inst. Aut. Engineers, 1910-11. 



(CaUendar), 
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The H.P. Ratings Committee's Results. 

The Ratings Committee, as the result of a careful analysis of the 
results of numerous engine tests, and upon theoretical grounds 
were led to adopt an expression for the brake mean pressure which 
took accoimt of cylinder dimensions. To quote from the Report : 
" Taking into consideration all these matters and the results of 
many tests upon petrol engines for cars, the Committee is of opinion 
that it is necessary to allow for an increase of rjp with the cylinder 
diameter, and they accept 68J lbs. per sq. inch for r]p when 
li = 2J inches and 99J when d = 5^ inches." The best current 
practice as to rjp is therefore taken as — 

Tjp = 130f 1 — —J— ) lbs. per sq. inch. 

This expression corresponds with the maximum output of the 
engine. The values for r]p corresponding with different cyhnder 
bores is also shown in Fig. 99, and is marked in distinction to 
the previously mentioned single set of experimental results. 

It may be of interest to here mention that the piston speeds 
were found to increase with the ratio of stroke to bore from 1,200 
feet per minute with a stroke bore ratio of unity, up to 1,600 feet 
per minute for a ratio of 1-6. 

The rate of increase of maximum practical piston speed with 
stroke bore ratio is given by 

a = 600 (r + 1), 

where r is the ratio of stroke to bore. 

It should be remembered in making comparisons of values of 
mean pressures for engines of divergent makes and sizes that the 
conditions of comparison must be the same. It has been shown 
that the values of rjp vary with the design, speed, mixture strength, 
and size of the engine, and that with so many variables direct com- 
parisons are rendered a matter of difficulty ; these points are 
often lost sight of in this connexion. 

In connexion with the relatively greater cooling losses in smaller 
diameter cylinders, it follows that during the compression stroke 
the losses to the walls will be relatively greater, and therefore the 
temperature at the termination of the compression stroke wiU be 
relatively lower than in larger engines. 

As this temperature, which is fixed from preignition considera- 
tions, limits the degree of compression in those engines which are 
designed for maximum overall efficiency, it also follows that higher 
safe maximum compression ratios can be employed in small engines 
than in large ones, and higher compression pressures may be realized; 
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whether the uicrease in area of the indicator diagram for a small 
engine, due to the higher compression ratio, more than compensates 
for its diminution on account of the greater cooling losses on the 
expansion stroke is still an open question. 

It is interesting, in support of the above contention, to quote some 
figures given by Lanchester for the compression ratios of difierent 
sizes of sleeve valve engines giving about the same mean pressures 
on the brake, as shown in the following table : — 

TABLE XXXIII 



Diameter of Cylinder in millimetres. 

70 

80 

96 
100 
124 



Compression Eatio. 



600 
5-60 
511 
5-00 
4-60 



The range of diameters is fairly limited, and it does not therefore 
foUow that the same conditions will hold beyond this range, or 

that these results 
win hold in similar 
poppet valve en- 
gines in which the 
combustion cham- 
ber design is neces- 
sarily different. 
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Data from the In- 
100 dicator Diagram. 
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Fig. 100. — Typical Diagram of Wokking 

PRESStTHES FOR A PeTROL ENGINE. 



The relations 
existing between the 
pressures and vol- 
umes in a petrol 
engine can best be 
understood by 
reference to the 
indicator diagram shown in Fig. 100, and which is reproduced 
from an actual car engine. 

It has been found from measurements of a number of petrol 
engine indicator diagrams that the equation of the expansion curve 
is given by PV" = constant, where the constant n varies between 
115 and 1-35. 

For the compression curve the same type of equation holds 



PRESSURES AND TEMPERATURES 213 

good, and the value of the constant n lies between 1-20 and 1-30. 

In the case of a sleeve valve engine tested by Dr. Watson, the 
values of n for petrol-air mixtures for the expansion line are given 
as w = 1-18, and for the compression line as w = 1-29 ; whilst 
with benzol-air mixtures n = 1-25 in the former case and 1-28 
in the latter, for rich mixtures in both cases. 

For a two-stroke engine having a compression pressure of about 
75 lbs. per sq. inch, the values of n for the expansion and com- 
pression strokes are given as 1-35 and 1-25 respectively. 

It will be evident that the value of n will vary with the design 
of engine, the speed and mixture strength, since the shapes of the 
expansion and compression curves will be modified by the cooling 
effects of the walls, etc. 

The smaller the cooling losses, and the higher the engine speed, 
the higher will be the value of n, for the adiabatic conditions are 
represented by high values for n. 

In slow-running engines, and where the cooUng losses are great, 
the expansion and compression lines wQl result under conditions 
approaching isothermal ones, and n wiU therefore approach unity. 

It should be mentioned that the value of the constant n is not 
the same for all points lying on the expansion line, since the cooling 
losses and piston speed do not remain constant throughout the 
stroke. 

Inlet and Exhaust Pressures. 

Having considered the working pressures within the cylinder 
during a cycle of operations, it is now proposed to examine, in some 
detail, the pressure changes which occur in the induction and 
exhaust pipes of internal combustion engines. 

Dealing with the inlet pressures first, there are two quantities 
which it is necessary to examine : the mean pressure during any 
set conditions of running, and the actual pressures existing at 
different instances during a complete cycle of changes. 

The average pressure existing within the inlet manifold, which is 
usually measured fairly close to the inlet valve, and which is always 
negative (that is to say, a suction effect), is usually obtained by 
connecting a mercury manometer provided with a suitable pressure 
damping arrangement to the induction pipe at the chosen position, 
and noting the difference in levels ia the two limbs of the instrument. 

The maximum negative pressure which can exist in any engine 
is dependent upon the design of the carburettor and inlet pipes and 
ports, and is also a function of the speed and valve timing. 

In ordinary touring-car engines a negative mean pressure of 
4 lbs. per sq. inch may exist in extreme cases (that is, a suction of 
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4 lbs. per sq. inch below atmospheric pressure), corresponding with 
a difference in level of the mercury columns of about 8-2 inches. 

Such relatively high suctions occur at high engine speeds, and 
it wiU generally be found that where high suctions occur, low 
volumetric efficiencies also are in evidence. 

The manner in which the suction varies with the speed is given 
la Fig. 75 upon page 171. 

The method of measurement of this negative pressiu-e is quite 
simple, and in practice it is found that the variations in pressure 
in the inlet pipe do not appreciably influence the readings of the 
mercury columns, due no doubt to the relatively great inertia of 
the mass of mercury present. The engine speed must, however, 
be kept constant during a reading. 

The instantaneous variations in pressure are obtained by attach- 
ing an indicator of suitable design so as to f oUow the rapid changes 
qvdckly to the selected place in the inlet pipe. 

The suction then actuates the pressure recording mechanism of 
the indicator (a very weak or " light " spring being fitted for the 
purpose). 

The phase gear of the indicator, wherewith the pressure is recorded 
at the exact position along the piston stroke where it occurs, is 
driven off the engine in the usual manner. 

Dr. Watson has obtained indicator diagrams from the induction 
pipe in this manner, examples of which are produced in Kgs. 101 
and 102. 

Fig. 15 represents the pressure variations in the case of a single 
cylinder sleeve valve engine running at about 800 revolutions per 
minute in curve A, and at about 1,200 revolutions in the case of 
curve B. 

The effect of the increased speed in increasing the amplitude of 
the pressure variations is apparent in the diagram. The point of 
inlet valve closing is shown ; the pressure variations following are 
quite marked, and indicate the presence of waves in the induction 
pipe. 

The damping out of these waves is also evident just before inlet 
commences again. 

Fig. 102 represents the same type of pressure variations in the 
case of a four-cyhnder engine ; it will be seen that as before the 
effect of speed is very marked. Curve A corresponds with a speed of 
about 650 revolutions, and curve B to 1,200 revolutions per minute. 

It will be noticed that the effect of cylinder midtiplication is 
to smooth out the pressure variations, and more imiform suctions 
generally occur in these cases. The amphtude of the pressure 
variations is also considerably reduced, and the cycle of changes 
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has a greater frequency — the net effect of smaller amplitude and 
greater frequency being analogous to the " bobbing " up and down 
of a candle flame — the smaller the amount, and the greater the 
frequency of the flickerings, the more continuous the illumination 
effect. 

In the case of the four-cylinder engine, it wiU be noticed that 
immediately after the inlet valve has commenced to open there 
is a pressure rise in the inlet pipe, which is partly due to the inertia 
of the gases in the inlet pipe (on account of the waves set up) and 
partly to the fact that there is a small back pressure within the 
cylinder due to the exhaust gases just expelled and those remaining 
within the clearance spaces immediately before the inlet valve 
opens. 

It has been foimd that this pressure rise, which is chiefly due 
to the inertia of the gases in the inlet pipe, is greater with longer 
inlet pipes, and vice versa. 

With short inlet pipes, and with the air admitted near to the jet, 
the rise of pressm-e above atmospheric does not occur. 

It is interesting to note that the volumetric efficiency falls off 
slightly more rapidly than does the mean pressure in the inlet pipe 
reckoned from atmospheric. The mean pressure can also be 
obtained from the pressure variation curves by finding the mean 
height of the curves. 

Coming next to the exhaust side of the engine, the mean and 
instantaneous pressures have been measured in a similar manner 
to the inlet pressures, with the exception that the mercury mano- 
meter usually requires some better form of " damper " to give 
steady readings, owing to the greater surging efiects. 

Fig. 103 illustrates a typical curve of exhaust mean pressure 
variation with speed for a single-cyHnder poppet valve engine 
provided with a simple expansion chamber of generous proportions 

for a silencer and an 
exhaust pipe of some 
five feet length and of 
suitable diameter. 

Fig. 104 illustrates 
the exhaust pressure 
variations in the case of 
the sleeve valve engine 
previously mentioned, in 
cormexion with inlet 
800 900 1000 1100 1200 1300 pressurcs. 

Speed (revs, per min.). It is noticeable that 

Fio. 103. the ampHtude of the 
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pressure variations is greatest during the period of the exhaust 
valve opening, and that just before the valve closes, when the 
piston is nearing the top of the exhaust stroke, there is a fairly 
rapid drop of pressure below atmospheric, followed by a rise 
to atmospheric immediately before the exhaust valve opens 
again. 

This negative pressure effect is no doubt due to the fact that 
the flow of exhaust gases along the exhaust pipes is followed by 
a vacuum or negative pressure effect due to the inertia of the 
rapidly moving gases. 
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A. — Speed, 800 revs, per min. 
B. — Speed, 1,200 revs, per min. 

-Pressure in the Exhaust Pipe of a Single Cylinder 
Engine. 



This is the principle of the scavenging action first brought into 
prominence by Atkinson, in gas engine work, and in which the 
vacuum caused by the exhaust gases is utilized by opening the 
air valve just before the gas valve, thus allowing fresh air to flow 
into the cylinder for scavenging purposes. 

The length of the exhaust pipe plays an important part in this 
scavenging effect, and it is possible to find a certain length of pipe 
for a given engine which will give pressure waves in resonance 
with the engine speed. 
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The curves given in 
Fig. 105 which were 
obtained from a 
four-cyhnder engine 
illustrate this point. 
The period of the 
surgings is smaller 
than in the case of 
the single cyhnder, 
as in the case of the 
inlet pipe variations. 
The nearly perfect 
resonance effect at 
the higher speed is 
marked. The mean 
height of the curves 
will be seen to in- 
crease with the 
speed. 

In the case of the 
four-cyhnder engine 
the exhaust pipe was 
about 9 feet long, 

and provided with two simple expansion boxes of about 1 cub. 

foot capacity each, in series, placed nearer to the outlet end of 

the exhaust. 

These particulars are given, as the design of the silencer and 

dimensions of the exhaust piping have a great influence upon the 

value of the mean and instantaneous pressures occurring. 
By experimenting with various sizes and lengths of exhaust 

pipes (apart from silencer design), it is possible to improve the 

volumetric efficiency and therefore the power output. 
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A. — Speed, 600 revs, per min. 
B. — Speed, 1,240 revs, per min. 

Fio. 105. — Pkesstjues in Exhaust Pipe of 
Foue-Cylindee Engine. 



CHAPTER V 

Indicators and Indicatob Diagrams 

In order to study the internal changes occurring in connexion 
with the working of the petrol engine, and other t3rpes of internal 
combustion engine, it is necessary to have a reliable and trust- 
worthy form of indicator. 

The ordinary form of steam engine indicator designed to work 
below speeds of 400 revolutions per minute is totally unsuited to 
moderate and high speed explosion engines. 

A special form of steam engine indicator has, however, been 
adapted by several makers to the requirements of gas and oil 
engines running at speeds below 600 revolutions per minute. 

The subject of indicators will, for the purposes of detailed treat- 
ment, be considered under two separate headings, namely, (a) the 
slow speed indicator, and (6) the high speed indicator. 

Under the category of heading (a) is included the gas and oil 
engine forms of indicating apparatus, and in special cases the 
slow-rimning lighter spirit type of combustion engines. 

The high speed, petrol (and lighter spirit) types of engine running 
up to speeds of 2,500 revolutions per minute and above, from a 
minimum of about 500 revolutions per minute, require special forms 
of indicator, which come under heading (b). 

The Crosby Indicator. 

(a) Probably the best known form of mechanical indicator is 
that of the Crosby type, which is shown in Fig. 106. 

The function of aU indicators is to draw, to a small scale, a pres- 
sure-volume diagram which is exactly representative of the actual 
changes occurring within the engine at the time, and over a working 
cycle of operations. 

In the illustrated form, which is intended for use with gas and 
oil engines, a small piston P communicates upon its lower side 
with the combustion chamber of the engine, a three-way tap being 
interposed between the piston and engine, so that the indicator 

219 
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can be placed in communication with the engine cylinder or the 
atmosphere at will, for calibration purposes. 

The piston is made in the form of the central zone of a sphere, 
and therefore is in line contact with the walls of the cylinder, to 
minimize friction effects. 

The up and down motion of the piston is transmitted through 
the piston rod, which is provided with a baU-and-sooket joint at 




Fig. 106. — The Crosby Indicator. 

the piston, to a light link mechanism terminating in an arm 
provided with a pencil point. 

The ftmction of this mechanism is to reproduce at the pencil 
point a vertical straight hne motion exactly proportional to the 
small piston's motion. 

In some forms of this type of indicator the well-known Watts' 
parallel motion mechanism, first used in connexion with beam 
engines, is employed to give the straight line motion. 
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In the Crosby indicator, the straight line motion of the pencil 
Q is obtained by rocking levers whose positive and negative curva- 
tures neutralize each other in all positions. 

The motion of the piston is controlled by a calibrated helical 
spring placed above the link mechanism, so as to be unaffected 
by the heat of the engine. 

A somewhat larger form of piston than in the usual inside spring 
types is employed with the outside spring type, in order that a 
greater total force may be available to overcome the increased 
inertia effects due to the longer piston rod necessary with this type. 

It will be evident from the fact that the deflection of a spring 
is proportional to the load, up to a certain limit, that the vertical 
motion of the pencil Q is proportional to the pressure acting upon 
the smaller piston, that is, to the pressure existing within th« 
cylinder of the engine to which it is connected, and the scale of 
pressure will be uniform. 

In other words, equal vertical movements of the indicator pencil 
represent equal increments of pressure. 

The pencil thus draws vertical hnes upon the indicator drum 
(to which the paper, or " card," is attached) the lengths of which 
are proportional to the pressure. 

The horizontal motion of the drum, representing piston dis- 
placements, is obtained by rotating it about its vertical axis, this 
motion being effected by suitably reduced reciprocating m.otion 
obtained directly from the engine piston rod, or in some cases by 
gearing and mechanism reproducing the piston's motion faithfully. 

Usually a cord is attached to the periphery of the drum, and 
at its other end to the reciprocating piece, an internal spring in 
the indicator drum giving the return movement. 

The area of the piston in the Crosby indicator for explosion 
engines is | sq. inch. 

To facilitate the taking of diagrams the whole pencil mechanism 
can be rotated about axis of piston so as to bring the pencil in or 
out of contact with the paper. 

The pencil is usually a brass or metal point, and the paper is 
specially prepared to yield fine lines with a minimum of friction. 

Disadvantages of Mechanical Indicators for High Speed 
Work. 

The modified steam engine indicator of the pencil and paper 
type, although in most respects well suited for slow running require- 
ments, is totally inadequate for high speed petrol engines for the 
following enumerated reasons : — 

(1) The inertia of the piston and pencil mechanism due to their 
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weight has the effect of retarding the initial motion of the 
piston, and encouraging its final motion, with the result 
that the recorded minimum pressure is lower, and the 
recorded maximum pressiu-e is higher than the actual 
existing pressure. 
The phase of the pressure is also incorrect in. cases of excessive 

inertia. 
This inertia effect, which becomes appreciable at speeds of about 
500 revolutions per second in most mechanical indicators, 
and which varies approximately as the square of the speed, 
causes the effects at higher speeds to render instruments 
of this type quite useless. 
Further, these inertia effects give rise to violent vibrations, 

when the period of the 
explosions approaches 
that of the indicator and 
its spring. 
This is of the nature of a 
resonance effect, and wiU 
vary with the natural 
period of the indicator, 
and with the frequency 
of the explosions. 
It is evident that in indicat- 
ing over a range of engine 




Fig. 107.— Showing Inektia Effects speeds that the vibration 

OF Indicator Mechanism. effect ^dll always occur 

sooner or later, and that 
over a wide range of speeds may occur two or even three 
times. 

The natural period of the indicator can be reduced by using 
a stronger spring, with an accompanying reduced pressure 
scale ; this is the principle of the micro-indicator of 
Dr. Mader (described in detail later). 

The effect of the inertia of the pencil mechanism and indicator 
piston upon the indicator diagram is to give a wavy expan- 
sion Hne, somewhat as Ulustrated in the diagram shown 
in Fig. 107, which was obtained with a mechanical in- 
dicator from a petrol engine running at 550 revolutions per 
minute. 
(2) The friction of the pencil upon the paper, if pressed on suffi- 
ciently to give a definite line at high speeds, has the effect 
of giving a false indicator diagram. 

This will at once be evident from Fig. 108, in which the dotted 
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lines represent the incorrect diagram drawn by the pencil, 

and the full lines the correct one. 
Friction causes the pencil to lag behind its true position, so 

that the minimum pressures recorded are too low, and 

the area of diagram recorded too large ; this friction can 

be minimized by emplojing very smooth paper and a fine 

lead pencil, so that the relative coefficient of friction is a 

minimum. 
In some cases too much friction causes the pencil pointer to 

bend slightly and to thus enhance the effects. 
As light a pressure upon the paper as possible consistent with 

an intelligible diagram is necessary to further reduce 

friction effects. 

(3) Backlash in the pin 

joints, which in the 

best of indicators 

amoimts to -01 to 

•02 inches, becomes 

serious when the 

vertical movement 

is between one and 

two inches, aa ' is 

generally the case. 
In the case of a spring 

with a pressure scale 

of 300 lbs. to the 

inch, this may give 

rise to an error of about 1 per cent. 
Vertical backlash has the effect of increasing the recorded mean 

pressure, whilst horizontal backlash reduces it. 
Provision for taking up an appreciable backlash is provided in 

the best forms of indicator. 

(4) The stretching of the cord which gives the drum its motion 

is a frequent source of trouble in attempting to employ 

the mechanical indicator at high speed engines, and further, 

the very rapid motions of the drum enhance the effect at 

high speeds, giving untrustworthy diagrams ; these are 

chiefly on account of the recorded piston phase being 

incorrect. 

Erom these, and other minor defects, the ordinary indicator is 

quite imsuited to petrol engine work, the inertia effect being the 

chief source of trouble at speeds above 500 revolutions per minute. 

It is quite possible at this speed to obtain a total error amounting 

to 10 per cent., due to backlash, inertia and friction effects. 
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Fig. 108. — Showing the Effects of 
FmcTioN AND Flexuke of the 
Pencil. 



224 HIGH SPEED INTERNAL COMBUSTION ENGINES 
The Clerk Optical Indicator. 

Next under the heading (a) of the slower speed engine indicators, 
and worthy of mention, is the form invented by Mr. Dugald Clerk 
and used in his experiments, the results of which were published 
in 1906.* 

This indicator employs a beam of light in place of the pencil 
mechanism in the Crosby instrument. 

The principle of the Clerk indicator is shown diagrammaticaUy 
in Fig. 109. 




^^^^^^^ 



Fig. 109. — Principle or the Clebk Indicator. 




The pressure, as in the previously described indicator, acts upon 
a piston attached to a calibrated enclosed spring, and in place of 
the usual piston rod there is a chain C, which is attached to one 
end of a beam B pivoted about its centre. 

The other end of the beam arm is connected by a similar chain 
to a spiral spring, the function of which is to keep the connexion 
between the beam and the piston tight. 

Upon the spindle of the beam, and rotating with it is a silvered 
mirror M, which is convex, and which is silvered upon the front 
instead of the back (as is usually the case). 

A beam of light is projected upon the mirror from a pin-hole 
source, using an arc lamp flame as illumination. 

The movement of the reflected ray of Hght from the mirror is 
recorded upon a sheet of sensitized paper held in a sliding frame. 

The paper is held against a concave screen S, the degree of con- 
cavity being proportional to that of the mirror M. 

♦ Proc. Roy. Soc, March, 1906. 
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The whole frame is carried along in the same direction as the 
axis of mirror upon small rollers, and the amount of motion of the 
frame carrying the sensitized paper is proportional to the main 
piston's motion, and in the same phase with it. 

The actual detailed arrangement of the Clerk indicator is shown 
in Fig. 110. 

For slow speed combustion engines this tjrpe of indicator is very 




Fig. 110. — Akbangembnt of the Clekk Optical Indicator. 

suitable, and is an improvement upon the pencU-and-paper forms 
of indicator. 

The one disadvantage of the Clerk instrument is that it is not so 
convenient for commercial purposes as the pencil mechanism types. 



The Hopkinson Indicator. 

This indicator, which is shown in section in Fig. Ill, is of the 
sliding piston optical type, similar in principle to the Clerk in- 
strument, but more compact in form and design ; it is also better 
suited to higher speeds. 

Q 
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The plug P is screwed into the cylinder of the engine, and the 
tap T enables the piston P within the cylinder of the indicator to 
be placed in connexion either with the main cylinder of the engine 
or with the atmosphere (for obtaining the atmospheric datum line 
of pressure). 

The size of the piston used can be varied (by fitting small liners 
and corresponding pistons), the areas being in the ratio of 1, 2 and 4. 

The actual areas of the pistons are \, J and J sq. inches respec- 
tively, and their respective weights are 8-3, 14-3 and 21-5 grammes. 




R B 




Fig. 111. — The Hopkinson Indicator [in section]. 



In place of the usual spiral spring is fitted a spring of the beam 
type, consisting of a steel strip AB resting in grooves at the end 
of the body of instrument. 

This steel strip is held down by the two set screws EE shown, 
and is sHghtly bowed before insertion, in order that negative 
pressures may be measured. 

The sensitiveness of the instrument may be varied by using 
different strengths of steel springs AB. 

The motion of the piston, which is controlled by the steel spring, 
is communicated to the mirror M by a flat steel strip K. 
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The lower end of this steel strip is held firmly to the face of the 
main spring by means of jaws, and the upper end is clamped to an 
arm N, which projects at right angles to the mirror spindle. 

This mirror spindle is pivoted at its ends in vertical spring 
checks J J. 

The spring K is made sufficiently rigid to transmit the piston's 
motion to the mirror arm without biickling, and at the same time 
allows the angular movement of the arm to take place ; it will 
thus be evident that 
the mirror is given a 
rotation proportional to 
the movement of the 
indicator spring. 

The reciprocating 
motion, proportional to 
the actual displacement 
of the main piston, is 
obtained by rotating the 
whole of the upper body 
of the indicator about 
the axis of its piston. 

The main body of 
the indicator carrying 
the piston and mirror 
mechanism rotates 
about the axis upon a 
ring of balls S, under 
the control of a helical 
spring situated just 
abave ; this is shown 
in the diagram and also 
in the photographic re- 
production. Fig. 112. 

The axial rotation of 
the mirror (which is, of course, perpendicular to its pressure-derived 
motion) can be controlled by a spriag as in the ordinary paper 
drums of pencil indicators, or can be given a backwards and 
forwards or reciprocating motion positively. 

This latter is a distinct advantage in high speed forms of 
indicator. 

The method of rocking the body of indicator is illustrated dia- 
grammatically in Fig. 113, and the reducing mechanism shown 
is self-explanatory. 

The advantages of this type of indicator lie in the easy caUbra- 




FiQ. 112. — The Hopkinson Indicator. 
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tion of the pressure scale, for the instrument has only to be 
inverted and known weights placed upon the top of a rod inserted 
in the hole underneath the piston (communicating ordinarily 
through the tap with the engine cylinder). 

Another advantage of this instrument is that the spring is out 
of contact with the hot gases, and its elasticity and deformations 
are therefore not affected thereby. 

The disadvantages of this indicator can be enumerated thus : — 

(1) Leakage of pressure (and gases) is apt to occur at the piston, 
which is provided with oil grooves, and also at the rotating 
ball ring. 
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FiG. 113. — Rocking Mechanism. 
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(2) Friction of the piston against the walls of the cylinder, which 

acts in such a way as to reduce the area of the indicator 
diagram, similar to that of the pencil and drum of an 
ordinary steam engine type of indicator. 
Friction also occurs at the swivels of the mirror arm. 

(3) As a long piston is generally employed in order to reduce 

the leakage, it has an appreciable inertia effect — this is 
a common fault of piston forms of indicator. 
The indicator gives very good results for speeds below 
about 700 revolutions per minute, above which the inertia 
effects become more and more serious. 

An improved form of the Hopkinson indicator employs a steel 
diaphragm in place of the shding piston, and the disadvantages 
due to the latter are thus overcome ; higher speeds can be in- 
dicated with this type. 
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The optical arrangements of this indicator are diagrammatically 
represented in Kg. 114. 

A beam of light from the filament of a four- volt lamp at P is 
reflected from the plane mirror of the indicator M, and after 
reflection falls upon a convex lens R of about 18 inches focus. 

The beam comes to a focus in the plane of Rj, at which is placed 
the ground glass screen. 

With a sufficiently powerful source of light the path of the spot 
of light on the screen can be seen with the naked eye, but with a 
weaker source of illumination a second convex lens R3 is placed 
behind the screen and about 10 inches from it, and the eye is placed 
at the principal focus of the lens. 

The screen is engraved with vertical and horizontal lines, and 
the indicator diagram can be studied more easUy with this. 

For obtaining photographic records of indicator diagrams a 
light form of camera is employed. 




R3 1^2 

FiQ. 114. — Optical Arrangement of Hopkinson Indicator. 

The pivoted mirror is made concave, instead of plane, in this 
case, and forms the image of the source of light upon the ground 
glass screen, which can be replaced when desired by a photo- 
graphic plate in a suitable dark slide. 

The source of light in this case is an electric filament lamp. 

High Speed Indicators. 

(b) It is proposed to describe the more successful types of high 
speed petrol engine indicator in turn, and then to consider in detail 
the essentials of, and the precautions necessary, in using these 
high speed indicators. 

The problem of the high speed indicator has presented great 
difficulties in the past, and although theie have been brought to 
public notice from time to time so-called successful indicators 
of this type, yet careful examination and experiment have shown 
them to be unreliable and defective. 

It is only quite recently that a really reliable indicator, capable 
of working up to 2,500 revolutions per minute, has been evolved. 
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although due credit must be given to the modified Hospitalier 
Charpentier indicator used by Prof. Callendar in his petrol engine 
experiments in 1904. In this case the indicator was very materially 
altered to conform to what has now been shown to be the correct 
principles ; the modem high speed optical indicator is practically 
based upon the modified Hospitalier-(/harpentier tjrpe of Prof. 
CaUendar. 

Most of the indicators designed for high speed work are char- 
acterized by the absence of the usual piston (on account of the 
inertia and friction effects), of the steam engine indicator, and by 
the employment of optical methods, in place of mechanical ones, 
for recording the diagrams. 

The optical types of indicator wiU here be dealt with first. 

The Perry Indicator. 

One of the earliest forms of high speed indicator was that em- 
ployed by Prof. Perry for showing large indicator diagrams of 
steam and gas engines to big audiences ; a beam of light tracing 

out the diagram 
M /S upon the walls or 

ceiling of the room. 
The instrument 
consisted of a cir- 
'^H/l cular steel membrane 

Fig. 115. — Akrangemknt or Perry Indicator, clamped aroimd its 

edges to a small 
cast-iron box provided with trunnions, one of the latter being 
hollow and communicating through a stuffing gland to the engine 
cylinder. 

The steel membrane S was shaped somewhat as shown in Fig. 115, 
and a small mirror M was fastened at a point of contrary flexure 
(or reversed curvature) to this membrane. 

The piston pressure commimicated with the space B and deflected 
the membrane, the deflections varying with the pressure, although 
not accurately proportional to same. 

In order to obtain the piston displacement motion at right 
angles to the pressure motion the whole box M was partially rotated 
or rocked about the trunnions T, so that the beam of light's motion 
was proportional to the piston's displacement ; thus a beam of 
light, incident upon mirror, was reflected to a suitable screen and 
traced out the indicator diagram upon same. 

Although this arrangement is very simple, yet it is not suited 
to high speed requirements for one or two reasons. Firstly, the 
motion of the mirror is small, and cannot be magnified very much 
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Deflection of Diaphragm. 

116. — Peesstjbe Scale of Plain 
Diaphragm. 



as the vibrations of 
the engine interfere 
with the motion of 
same. 

Secondly, the scale 
of pressure is not 
uniform, being 
smaller at higher 
pressures. 

The most conveni- 
ent scale of pressures 
is a straight line 
through the origin of 
the pressure-deflec- 
tion axes, in which 
case the area of the 
indicator diagram 
can be easily ob- 
tained by the usual area-measurement methods, and gives truly a 
measure of the work done. 

With the diaphragm employed upon this indicator the pressure- 
deflection line is curved, being approximately parabolic, as shown 
in Mg. 116. 

The dotted line shows the correct line, or pressure scale, obtained 
with properly designed diaphragms and helical springs. 

Thirdly it has been found that these diaphragms are unsuitable 
for internal combustion engines, as they vnll not withstand the 
rapid variations in pressure without fracturing. 

The HospitaUer-Charpentier Indicator. 

This instrument in principle consists of a spherical mirror which 
rests upon three points A, B and C, disposed in such a manner 
that the axes AB and AC are at right angles (Fig. 117), and the 
point A is fixed. 

1 The point B is connected by means 

of a rod to the middle diaphragm, 
similar to that employed in the Perry 
- indicator, and which has a motion 
nearly proportional to the pressure. 

The point C is given a motion (that 

is, a partial rotation) proportional to 

the piston displacement, by means of 

the arrangement shown diagrammati- 

Pjq hy cally in Fig. 118, and consisting of a 
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Fig. 118. — Phase Mechanism of 
Hospitalier-Charpentiee Mano- 

GEAPH. 



small lever with a fixed fulcrum at N, which is connected by a rod 
to a pinion wheel Q, eccentrically. 

The wheel Q is driven by an equal pinion wheel P, which is in 

turn driven by suitable means 
To MInror off the engine shaft. 

The phase of the displacement 
motion of the mirror is adjusted 
by means of the tangent screw T, 
which acts upon the large worm 
wheel K, with its centre at the 
centre of Q. 

This alters the position of P, 
and gives the necessary adjust- 
ment required to bring the spot 
of light from the mirror to the 
same position in its small dis- 
placement stroke that the piston 
is in its stroke 

A flexible mechanism is em- 
ployed to drive P, as its alignment changes %^'ith that of the 
driving mechanism ; the usual driving gear supplied consists of 
long thin rods provided with Hookes's joints. 

The optical arrangements of this indicator are shown diagram- 
maticaUy in Fig. 1 19. The beam of light from the source R enters 
the light-tight box (or camera) through a tube 0, and is reflected 
by the prism X 
on to the pivoted 
mirror M, pre- 
viously de- 
scribed ; from 
thence it is re- 
flected to the 
ground glass 
screen S, which 
can be replaced 
by a photo- 
graphic plate 
when required. 

The screen is 
placed at such a 
distance that the 
beam of light reflected from the mirror M is focused upon it. 

The chief disadvantages of this indicator can be enumerated as 
foUows : — 
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Fig. 119.- 



-Optical Akbangements of Hospitalieb- 
Charpentier Manograph. 
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(1) The indicator is connected to the cyHnder by means of a 

tube about 100 centimetres long, and with a bore of 3 
millimetres, and these dimensions are found to give rise 
to what are known as " bore waves," which depreciate from 
the accuracy and value of the diagram. 

(2) The flexible drive is quite unsuited to high speed work, 

owing to torsional deflections of the drive, which vary 
during the running, and so alter the phase of the indicator 
diagram. 

(3) If the flexible drive be replaced by a solid shafting, a'^special 

phase-adjustment mechanism is required. 

(4) With the single mirror receiving both pressure and displace- 

ment motions, it is found that the former motion affects 
the latter, whereas they should be quite unassociated as 
separate effects. 

(5) The points A, B and C at which the mirror is pivoted consist 

of rounded rods in small recesses so that the points of 
contact, which should remain fixed in position, vary. 
This can of course be obviated by employing pivoted points 
in larger conical recesses or holes. 

(6) The pressure diaphragms do not give a uniform scale, and 

a further difficulty occurs, unless the discs are very tightly 
clamped, namely, that the pressure scale varies a good 
deal during a test or series of tests. 
It has been found 

that it is possible to 

obtain different scales. 

as shown in Fig. 120, 

when the disc is very 

tightly, normally, and 

loosely clamped. The 

curves shown in the 

figure are approximate 

only, and are not in- 
tended to be to scale. 
Prof. Callendar em- 
ployed a Hospitalier- 

Charpentier m a n o - 

graph in connexion 

with his researches 

upon the air-cooled petrol motor,* but modified his instrument in 

such a way as to obviate the disadvantages already mentioned. 

* " The Effect of Size upon the Thermal Efficiency of Motors," Proc. Inst. 
Aut. Engineers, 1906-7. 




Fig. 120.- 
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The long flexible copper tube for transmitting the pressure was 
found to cause a lag between the moment of pressure attainment 
in the engiae and that recorded by the diaphragm, which at high 
speeds amounted to about 90 degrees of crank angle ; the amount 
of lag was found to vary with the speed of the engine. 

In place of this long tube a steel tube of less than one-tenth in 
length was employed, and of more than three times its bore ; with 
this tube practically no lag was observed. 

The long flexible shafting, which was found to give rise to vary- 
ing piston phase errors, was replaced by a pair of short steel rods 
engaging through a bevel gear, so that the motion of the piston 
was accurately reproduced. 

Other minor alterations were also made, in order to obtain satis- 
factory indicator diagrams at speeds up to 2,500 revolutions per 
minute. 



The Schultz Indicator. 

This instrument is in principle similar to the one previously 
described, and is shown diagrammatically in Figs. 121, 122 and 123. 




Fig. 121. — Diagrammatic Arrangement of Schultz Indicator. 

The pressure recording arrangements consist of a compound 

diaphragm made up of a 

steel disk D above and a 

silver disk beneath it, on 

the side communicating 

with the engine ; this 

silver disc is to obviate 

the corrosive effects of 

the gases, the chief con- 

,„„ _ _ ,, stituents of which are 

122. — Piston Phase Mechanism 

(Schultz Indicator). t-Oa and water vapour. 
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The jiressure is taken ]iartly upon the diaphragm D and partly 
by means of a cantilever spring L. 

The free end of this cantilever is tapered down, and presses upon 
a knife edge attached at right angles to a concave mirror M, pivoted 
upon a point P. A broad steel band S presses upon the top surface 
of the base of the mirror, and serves to hold it in position. 

The piston chsplacement motion is obtained through the bevel 
wheel P, attached to the engine shaft tlorough suitable shafting 
and bevel gearing. This bevel P drives a similar bevel attached 
to the vertical shaft V, on the end of which is a disc C provided 




Fig. 123. — The Si'HULtz Indicator. 



with an eccentric pin, which is connected by means of a small con- 
necting rod ab (Fig. 122) to a lever, jjivoted at K to a rectangular 
]>late, which can be made to turn about the pivot P by means of 
the spring S. 

Thus a rotation of the mirror M is obtained, in a direction at 
right angles to the ]M-essure lotation, and which is iiroportional 
to the piston displacement ; these t^vo motions do not interfere 
appreciably with each other. 

The whole instrument is encased in a light-tight Ijox, and 
provided with suitable means of illumination, etc. 
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The means by which the " phase " of the displacement rotation 
is synchronized with that of the engine is interesting, and consists 
in altering the relative positions of one driving wheel with its 
driven wheel by an amount equivalent to halt the pitch of the 
teeth at a time. 

However, as there are only thirty-two teeth on the wheel, the 
minimum change of phrase which can be obtained is 6°, and this 
is equivalent to a fairly appreciable change in the area of the 
diagram. 

The advantages of this form of indicator consist, firstly, in having 
a imiform pressure scale, due chiefly to the elasticity of the can- 
tilever spring ; secondly, in the non-interference of the pressure 
and displacement motions ; and thirdly, in the compactness of the 
instrument. 

The disadvantages of the indicator can be enumerated as 
follows : — 

(1) There is no provision for cooling the diaphragm, which 

becomes very hot, although a water- jacketed communica- 
tion tube is provided. 

(2) The vibration of the disc is " damped " by aUowing a slight 

leakage to occur through a hole under the disk, and also 
by providing frictional damping. 
From indicator diagrams taken under different conditions of 
leakage, and non-leakage, it has been found that a 
considerable difference in area results by aUowing leak- 
age. 

(3) The diaphragm is provided with a certain amount of clear- 

ance underneath, and this clearance, although in other 
respects an advantage, yet allows lubricating oil, etc., 
to accumulate, and this interferes with the pressure move- 
ments. 

(4) The gearing for obtaining the piston phase motion consists 

of three sets of bevels (in the usual form), with long rods 
of smaU diameter. 
The varying elasticity and torsional strains under the different 
torques, which occur at different parts of the working cycle, 
have the effect of varying the piston displacement's phase 
to an appreciable extent. 

In addition, the varying velocity of the piston in its stroke 
causes the amount of backlash in the bevels to vary. This 
is in the nature of an inertia effect, and varies as the square 
of the velocity approximately. 
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The O.S. Manograph 

An improved form of the Schultz indicator has been put upon 
the market recently under the above name. 

The same form of mirror is retained, and as in the earlier instru- 
ment it is capable of rotation in two planes at right angles. 

The apparatus is more compact, and the tube whereby the pres- 
sure diaphragm is connected to the engine is reduced in length, 
and further, is water-jacketed to prevent excessive temperature 
variations affecting the diaphragm. 
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Connection 




Fig. 124.- 



-The O.S. Manograph fitted to a Foub-Cylindes Peibol 
Engine. 



As in the earlier form, the displacement motion is obtained 
through long shafting and bevel pinions. The source of illumina- 
tion is a Nernst filament lamp. 

With this manograph it is possible to obtain indicator diagrams 
from all four cylinders of a car engine at the same time, and to 
watch the diagrams of all cylinders at nearly the same moment, 
as shown in Fig. 124 ; this affords a useful means for observing 
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the working of all the cylinders under different conditions of ignition, 
carburation and throttle opening. 

The pressure scale for petrol engines is 3 mm. per kilogram per 
sq. centimetre, in this make of indicator. 

The Watson Indicator. 

This is probably the most successful form of indicator at present 
in use, and was expressly designed with a view to overcoming the 
inherent disadvantages in other forms of instrument. It has been 

employed in connexion with 




Dr. Watson's well-known re- 
searches upon petrol engines, 
and quite recently has been 
designed in a commercial form 
by Prof. Dalby. 

The principle of the indicator 
is illustrated diagrammatically 
in Fig. 125, and photographi- 
caUy in Fig. 126. 

The pressure is received upon 
a corrugated disc D, which is 
gilded upon its under side to 
minimize corrosion, and oxi- 
dized or cosletized upon its 
upper surface. This diaphragm 
is usually made of an alloy 
steel, such as silicon steel, in 
order to withstand the varying 
pressure effects, which tend to 
cause metal " fatigue," and is 
made corrugated in section, in 
order to obtain a uniform 
pressure scale ; the diaphragm 
is clamped around its edges 

with a copper or asbestos washer to make the gas-tight joint. 

Resting upon the central trough of this diaphragm is a small rod 

R, passing through guides at K. 

An enlarged view of the end of this rod is shown in Fig. 127. 

The upper end of the rod R is hollowed and engages a pivot a 

attached to one side of a Ught framing carrying the concave mirror 

M. The other pivot b rests upon a small rod, which in its turn 

rests upon a cantilever spring S. 

The mirror frame ab is virtually a beam pivoted at its centre 

c (the pivots being underneath). 



Fig. 126. — Sectional View of 
Watson Indicatok. 
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Fici. 126. — The Watson Indicator. 



This nn'angenient allows the up-and-down motion of the rod R 
to be converted into an angular rotation of the mirror M, with 
very little constraint. 

The piston phase is obtained by an entirely sepai-ate plane mirror 
N, receiving its motion from an eccentric, driven at engine speed. 

The mirror N can rock about the axis AB in jiroportion to the 
piston displacement . 

In order to vary the " phase " of the piston displacement mirror 
N, the eccentric is driven through an ingenious differential gear, 

Fig. 128, consist- 
ing of a pair of 
bevel wheels, E, F, 
with their respec- 
tive axes in line, 
and connected by 
a n intermediate 
bevel D. 

The axis of D is 
carried upon a 

„, m Ti ^r ir disc P, which can 

Fig 127 — The rRE.ssuRE JIotion Mechanism 

(Watson Ixdicator). I^e rotated relative 




240 HIGH SPEED INTERNAL COMBUSTION ENGINES 

to a fixed disc Q about the axes of E and F, thus carrying the 
bevei D with it. 

It will bo seen that by rotating the bevel D about the common 
axis of tlae bevels E and V the phase of E (which is chain-driven 
of! the engine shaft) can be altered relatively to that of F, which 
drives the eccentric, from which the piston displacement mirror 
derives its motion. 

For large phase alterations, such as when changing over the 
three-way tap from one C3dinder to the next, a series of holes are 
provided, and a spring-pin to engage in corresf)onding holes. 



N r 




Fig. 128. — Phase Geab of Watson Indicator. 

Thus, to alter the phase by 180°, the axis of D is rotated through 
an angle of 90° on the fixed disc Q. 

For fine adjustments of phase, a pair of tangent screws are pro- 
\aded, which can be locked in position, and an exceedingly fine 
adjustment is rendered possible owing to the fineness of the pitch 
of these screws. 

The optical arrangements are shown diagrammatically in Fig. 129. 
A beam of light from the crater of an arc lamp at A is focused 
by means of the lens B upon a plate C, provided with a hole (the 
size of which is variable), whence it diverges to the concave mirror 
M, and is from thence reflected on to mirror N, and finally reflected 
as a convergent beam to the screen placed at T. 
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The focus of the beam reflected from the mirrors M and N is upon 
the screen, so that an image of the hole at C appears as a bright spot 
of Hght upon the screen. The indicator diagram can be very 
readily seen upon the screen even in strong daylight, the motion 
of the image being so rapid that the diagram appears continuous. 

The effects of variation of the control levers, etc., can be observed 
with ease in this type of indicator. 




Fig. 129. — Optical Areangements of the Watson Indicatok. 

The advantages of this type of indicator are as follows : — 

(1) That the piston and pressure motions are quite independent 

of each other. 

(2) The pressure scale is uniform. 

(3) An exceedingly fine adjustment of the phase is provided. 

(4) The clearance volume below the disc is small. 

(5) The disc is water-cooled. 

(6) The connecting tube to the three-way tap is short and free 

from " bore waves." 



The Micro-Indicator. 

This type of indicator is of the mechanical form, but is designed 
to obviate the difficulties previously experienced in applying the 
improved steam engine type of indicator to high speed petrol engines. 

The principle of the instrument depends upon reducing the 
natiiral vibration period of the indicator to small dimensions, by 
means of a stiff helical spring, the period of vibration being about 
one-third that of the ordinary indicator. 

The effect of having such a stiff spring is to reduce the pressure 
scale considerably. 



•2i-: 
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In the instrument designed by Dr. Mader, s1io\mi illustrated in 
Fig. 130, the size of each of the diagi'ams taken is included in a 
rectangle of sides 2 millimetres, and about twenty-four diagrams 
can be traced out upon a smoked glass plate 1| inches long by 
1| inches ^ride (or 48 bjr 28 millimetres). 

A piston of one scjuare centimetre area is employed for produc- 
ing the pressure motion, the movement being controlled by the 
stiff external spring seen in the diagram. 

Attached to the end of the piston rod is a fine pointer, which 
traces the microscopic indicator diagram upon a part of the smoked 

glass plate seen in the 



-Plate 




FiC4. 130. — The ilicRO-lNDicATOR. 



bals 



and 



figure ; after one diagram 
has been taken, the diagram 
slide is displaced, in the 
direction of piston's motion, 
by 5 millimetres, by means 
of a pa^^l, and is then 
ready for a second dia- 
gram. 

\Mien twelve such dia- 
grams have been taken, 
the glass slide is turned 
round, and is ready for 
another twelve. An 
example of the minute 
diagrams, and also the 
magnified diagram, is 
slio^ni in Fig. 131. 

The whole of the dia- 
grams taken are fixed h)y 
i m m e r s i o n in Canada 
examined in a microscoi^e. 



when finished can be 
and copied in an optical tracing attachment, or enlarged j^hoto- 
graphically. 

As regards the pressure recording arrangement, the spring, 
hollow jiiston rod and the piston are connected together in such a 
wAy that thejr can be changed together. 

The iustrument is usuaUy screwed directly into the compres- 
sion cock hole m the cylinder. 

The j)iston displacement motion is obtained by means of a rock- 
ing lever attached to the shaft marked S in the illustration, and 
which is worked directly off a sintable crank or eccentric attached 
to a convenient portion of the engine shaft, the whole driving 
arrangement being fairlv rigid. 
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Magnified. Actual Size. 

Fid. 1:31. — ExAMPLE.s OP DiAtiRAii takein \\ ITU ilrt'uo Indicator. 

The advantages of tlii.s indicator are : — 

(1) Its compactness and convenience in manipulation. 

(2) The short natural period of \-ibratiou. 

(3) Tlic liglitness of the reciprocating parts. 
The chsadvantages of this type of iiichcator are :— - 

(1) Tliat in the magnificc-l diagrams the thickness of the pointer 

tracings is also magnified, and any iine pressure variation.s 
are masked. It is also difficult to obtain accurate area 
measurements as the lines are relative'y thick. 

(2) 1-^rietion of the piston, which is common to the piston form 

of indicator. 

(3) The diagTams cannot l)e directlv olJser^•^d "whilst the engine 

is I'unniug, and the elfect of different adjustments accur- 
ately noted, as in the optical forms in which the actual 
diagram can be \\atched at the time of occurrence. 

Explosion Recorders. 

(Jne of the chief functions of the ordinary indicator is to give 
the necessary information fi-om which the work done during a few 
consecutive explosions, and therefore the horse power being exerted 
at the time can be deduced. 

In calculating the horse i)o\vcr from indicator diagrams taken 
at intervals during a test, it is usually assumed that tlie cylinders 
are being ttred regularly during the whole period of the test. 

In the ca.se of an engine running at, say, 2,(l(t(i revolutions per 
minute, two or three consecutive siqierposed indicator diagrams, 
as is usually obtained with high speed indicators, correspond with 
a iieriod of running of al)out ()-2 second. 



244 HIGH SPEED INTERNAL COMBUSTION ENGINES 



This period is 
usually very small 
compared with the 
actual time of the 
test, and it is there- 
fore necessary to 
know whether dur- 
ing the non-iudi- 
cated period the 
engine has been 
firing regularly. 

In the case of 
multi-cylinder 
engines it is difficult 
to detect misfirings 
audibly, although 
such misfiriags, if 
not too frequent, 
will not appreciably 
affect the horse 
power calculated 
from the indicator 
diagram. 

In the case of 
engines controlled by a governor, and more especially a governor 
of the hit-and-miss type, it is necessary to know the actual 
number of working strokes. 

Indicators are now made which give the total number of explo- 
sions and compressions during any given period of running. 

The Mathot and Thompson indicators are designed for this 
purpose, the latter being illustrated in Fig. 132. 

This instrument consists of an ordinary indicator piston, and 
straight line 




Via. 



132. — The Thompson Explosion Reoobdek, 
WITH Time Dritm. 



mechanism actu- 
ating a vertically 
moved pencil, 
which records a 
line, proportional 
to the pressiu-e of 
the explosion, or 
when not firing, 
to the compres- 
sion. 

The drum 



25 .A^. 




Fio. 133. — Example of Explosion Recobdeb Dlagkam. 
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remains practically stationary during the period of the pencil 
movement, and is rotated slowly by clockwork, so that a series of 
vertical lines are obtained as shown in Fig. 133. 

The drum of the instrument illustrated rotates once in two 
minutes, the diameter of the drum being 4 inches. 

It is possible to arrange for a continuous sheet of paper for 
prolonged tests, in place of a single sheet. 

Prom the record of the pencil movements the number of mis- 
fires can at once be seen (for then compression only occurs) corre- 
sponding with the shorter lines. 

The maximum pressures and their variatioti can also be noticed, 
and by running the drum faster a more detailed outline of the 
suction and compression can 
be obtained. 

It must be remembered, 
in connexion with this type 
of explosion recorder, that 
the pressure readings are 
subject to the same errors 
as in the ordinary mechani- 
cal indicators. 



The Okill Pressure 
Indicator. 

This instrument is in- 
tended for the purpose of 
measuring the compression 
and the explosion pressures 
under running conditions. 

It consists of a cylinder 
with an accurately fitting 
piston B (Kgs. 134 and 135), 
the downward movement of 
which is prevented by a 
flange abutting against the 
upper end of the instru- 
ment's cylinder walls. 

A cahbrated heUcal spring 
of rectangular section op- 
poses the upward motion of 
the piston, and it is the com- 
pression of this spring which 
is used to measure the com- 
pression or explosion pressure. 




Fia. 134. — Sectional View op Okill 
Pbessube Indicator. 
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Kno^ving the exact load per unit 
axial compression of the spring, and 
the area of the small piston, the ecpii- 
valent pressure per sq. inch can be 
estimated or obtained. 

The upward pressure on the piston 
is balanced by the compression of the 
spring shown, the adjustment being 
made by rotating the milled nut mtli 
its tlu-eaded l^arrel N, and the spring- 
held pointer E serves as an indicator for 
this purpose. 

The exterior of the main barrel is 
graduated ^^•ith a scale reading, each 
di\ision corresponding to 20 lbs. per 
sq. inch, and fractions of a division are 
obtained off the periphery of the milled 
nut ban-el N. 

The pressures can thus be read off 
to within 2 lbs. per scj. ineli, the maxi- 
mum reading obtainable with this in- 
strument in the case of petrol engines 
being 400 lbs. per sq. inch. 

In order to measure the explosion 
pressure in the cylinder the plug A is 
screwed into a convenient part of the comljustion head, and the 
milled cap screwed down until the spring exerts a pressure in 
excess of the explosion pressme on the piston. The needle indi- 
cator E gradually ceases to vibrate at this stage. The cap is 
then graduallj' screwed back until the needle just commences 
to vibrate again, the mean position of non-vibration being the 
correct one, at which the reading is taken. 

The compression pressure is measured in any engine cylinder 
by runnuig the engine "\\'ith this cylinder not firing and with open 
throttle (since the maximum compression pressure is only thus 
obtained) . 

This instrument is useful, not only for indicating the ap- 
proximate compression and explosion pressures, but also for 
ascertaining whether all cylinders have the same compressions. 

It can also be applied to gas, oil and steam engmes for single 
pressure measurements. 

For reliable readings the temperatui'e of the spring should be 
kejjt \o^Y, as its elasticity diminishes i-apidly at higher tempera- 
tures. 




135. — The Okill 
<sl're ixuicator. 
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The Calibration of Indicators. 

It is necessary to know with some degree of accuracy the scale of 
the pressure ordinates in all types of indicator. 

In some forms, such as the Hopkinson type, this can be done by 
inverting the instrument and loading the piston directly with 
dead weights. 

A very convenient method iised in connexion with o]3tical indi- 
cators is to employ a Crosby ]iressru-c gauge tester, similar to 
that shown illustrated in Fig. VMS. 




Fig. 130. — Crosby G.4UGE Tester for Calibrating Indicators. 



The piston or diaphragm space of the indicator is connected 
by means of copper tubing to the space usually occupied by the 
pressure gauge. 

The tester consists of a cyhnder C in which can slide a piston P 
of known area, ground and finished to be an accurate sliding fit 
in the C3dinder. 

The lower end of the cylinder communicates with the pressure 
gauge (or in our case with the indicatur diaphragm) and with a 
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barrel B containing a screw plunger S for varying the volume of 
the miaeral oil in the tester itself, and for the purposes of adjust- 
ment. 

The piston is loaded with known balanced weights, and the pres- 
sure per sq. inch is obtainable therefrom. It is essential in using 
this instrument to eUminate air bubbles, and means are provided 
for fllhng the whole of the interior with oil alone ; further, when 
making a calibration, the piston (with its balanced weights) should 
be rotated in order to avoid leakage and frictional or capiUiary 
effects. 

If the indicator is provided with a ground glass screen, a piece of 
tracing paper can be affixed thereto, and the position of the spot 
of light marked with a finely pointed pencil for each calibrated 
pressure. 

The piston or diaphragm should be calibrated with ascending 
pressures by small steps to the maximum pressure, and then by 
descending steps to the lowest or atmospheric pressure, in order to 
obtain a check as to any hysteresis or viscosity pressure lag. 

It is usual to take the mean of the ascending and descending 
readings. 

All indicators of the diaphragm form should be calibrated before 
and directly after an engine test, as these diaphragms often fail 
by cracking, and the cracks are very difficult to discern visually. 

The calibration of the diaphragm wiU reveal the presence of a 
crack, either by the erratic or inconsistent scale obtained, or by 
the presence of oil which has leaked through the crack at the 
higher pressures of calibration. 

These methods of calibration are applied to the indicator piston 
or diaphragm when cold, and not under exactly the same conditions 
as when working ; the effect of temperature upon the elasticity 
and properties of the indicator diaphragm in this type of instrument 
are dealt with hereafter, but it may be here stated that unless the 
diaphragm be water-cooled efficiently the cold calibration will 
not always give reliable results. 

The Requirements of High Speed Indicators. 

In order that an indicator shall truly record the changes occurring 
within the cylinder of the engine, there are several conditions which 
it must fulfil, and also many precautions to be observed in its 
usage. 

In the first place, it is absolutely essential that the ordinates of 
the indicator diagram obtained should accurately represent the 
pressure existing within the cylinder, and that the abscissae should 
truly represent the piston's phase. 
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In Connexion with the former requirement, some reference has 
akeady been made concerning the methods employed for obtaining 
this result. 

It has also been shown how the inertia, vibrating and fric- 
tion effects of the steam engine form of indicator render the latter 
quite unsuitable for high speed work. 

It is now almost universal to employ thin steel diaphragms in 
place of moving pistons ; this diaphragm should give a uniform 
pressure scale, and should be kept fairly cool by means of a water 
jacket. The reason for this is that the effect of temperature in- 
crease causes the elastic strength of the metal to alter and to thus 
yield different pressxire scales at different temperatures, the 
pressure scale being more open with increased temperature, due 
to the reduction of elasticity of the metal. 

Another factor connected with temperature is the cracking of 
the diaphragm, probably as a result of internal temperature stresses, 
for the diaphragm is generally tightly clamped around its edge. 

It is further necessary to allow the air above the diaphragm 
space free ingress and egress. 

One reliable and satisfactory form of diaphragm is that employed 
in Dr. Watson's indicator, which is corrugated in form, the corru- 
gations being concentric with the centre of the disc, and stamped 
out of sheet metal in a press. 

The material of the disc is an alloy steel, silicon steel being found 
satisfactory ; in some cases the discs are hardened and tempered. 

It is necessary also to guard against the strongly corrosive effects 
of the exhaust gases upon the exposed side of the discs. 

Gilding by electrical deposition has been found to be practically 
the only solution to the difficulty. 

The Piston Motion. 

In petrol engines the length of the connecting rod is fairly small, 
and the ratio of the length of this rod to that of the crank radius 
is also small, so that the piston's motion is not a simple harmonic 
one. 

It is therefore necessary that the mechanism which produces the 
piston displacement motion of the indicator should allow for the 
connecting rod to crank ratio of the actual engine upon which it is 
used ; otherwise it the indicator motion is simple harmonic, the effect 
of the obliquity of the connecting rod will be to increase the area 
of the diagram. 

In all indicators means should be provided for altering the con- 
necting rod to crank ratio of the indicator to suit the engine being 
indicated. 
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Phase in Adi/anc, 



Phase Correct- 



Fio. 137. — Effect upon Diagram 
OF Phase Ebrobs. 



In the Watson indicator this 
can be done by altering the radius 
at which the connecting rod 
(actuating the rocking plane 
mirror) is attached to the eccen- 
tric. 

It is also very important that 

the actual phase of the indicator's 

motion should be exactly the same 

as that of the engine ; many 

indicator diagrams are rendered 

quite worthless on account of 

wrong phase adjustment. 

The phase of the indicator is very apt to change with different 

speeds, and so it should be set for the speed at which the tests are 

to be run. 

It has been shown that the effect of altering the phase of an 
optical indicator, initially correct, by an amount corresponding 
with 6 degrees crank angle, was to alter the mean effective pres- 
sure from 89 to 100 lbs. per sq. inch. 

If the phase of the indicator is in advance of that of the engine, 
the area of the diagram obtained will be greater than the true 
area. 

This is shown ia Kg. 137, in which the indicator diagram for 
the correct phase is shown in full, and for an advance in the phase 
by the dotted lines ; it is therefore essential that the spot of light 




Fig. 138. — Phase Advakoed. 
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Fio. 139. — Phase Lagging. 

in an optical iadicator should be at the same part of its travel that 
the engine piston is in its stroke. 

In the case of slow speed engines it is usually sufficiently accurate 
to run the engine and to switch off the ignition in the cylinder 
under consideration, and then to adjust the phase of the indicator 
until the expansion line returns upon the compression Une. 

In the case of engines running above speeds of 700 revolutions 
per minute, the best method is to run the engine at the desired 
speed with the spark retarded, and to adjust the phase until the 
end of the compression line is continuous. 

The reason for this will be obvious from the diagrams given in 
Kgs. 138 and 139. 




FiQ. 140. — Phase Correct. 
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In Fig. 138 the phase of the indicator is ia advance of the piston, 
whereas in Fig. 139 it lags behind, thus forming a closed loop at 
the end of the compression stroke. 

In Fig. 140 the phase is correct and the compression line returns 
upon itseK, untU the retarded ignition occurs. 

In conclusion it may be repeated that it is very important to 
set the phase correctly before each test, and for the given speed 
required during the test. 

Influence of the Length of Connexion Tube. 

The dimensions of the connecting tube between the piston or 
diaphragm and the engine cyUnder have a marked influence upon 
the accuracy and the shape of the indicator diagram in the case of 
petrol and high speed explosion engines. 

As an example of the effect of the length of the connecting tube, 
a concrete example will be given for the case of an engine running 
at 1,200 revolutions per minute, the period of the stroke being 
•025 seconds. 

If the length of the connecting tube between the indicator and 
engine be 3 J inches, a sound wave, which travels at 1,100 feet 
per second, will take -0025 second to traverse this distance, that 
is, it will occupy a period of time corresponding with one-hundredth 
of the stroke of the engine. 

Now the maximum rate at which pressure can be transmitted 
through a gas is the velocity of soimd, so that the effect of a con- 
necting tube of 3 J inches in length is to cause a lag of tto of the 
stroke. 

This retardation will vary with the engine speed and with the 
length of the connexion tube. 

The effect of a long tube upon the indicator diagram is illus- 
trated in Figs. 141 and 142, the former representing a normal 
diagram taken under light load with a short tube between the 

engine and indicator ; 
in the second case a 
long tube was em- 
ployed. 

In both cases the 
spot of light on the 
screen was initially 
set by the dead centre 
for the correct phase. 

The effect of the 

longer tube was to set 

Fig. 141.— Short Tube Diagram. up a " bore wave," due 
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Fig. 142. — LoNO Tube Diagram showing 
" Bore Wave " Effect. 



to the pressure wave 
travelling up the tube and 
causing a heaping up of 
pressure at the end of the 
stroke. 

This efiect can be cor- 
rected, for any given 
speed, by altering the 
phase of indicator by an 
equal amount to the pres- 
sure retardation, and a 
normal type of diagram obtained. 

The explosion often sets up resonance waves in the indicator, 
resulting in a wavy expansion line ; this efiect can be remedied 
by inserting wire gauze in the connexion tube to damp out the 
vibrations. 

Dr. Watson has employed open spirals of copper wire inserted 
in the coiuiecting tube to damp out this resonance effect in some 
tests upon a sleeve valve engine, in which the shortest tube employ- 
able was 4 inches long. The violent expansion curve waves set 
up by resonance efiects were effectively damped out by the copper 
spiral of the correct length, without any throttling of the gases in 
the tube. 

Fig. 143 represents an indicator diagram taken from the above- 




FiG. 143. — Resonance Effects shown by Indioatob Diagram. 
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mentioned engine before the insertion of the spiral, the engine 
speed being 1,000 revolutions per minute. 

The resonance waves during the explosion stroke are marked, 
and a series of waves of smaller amplitude and greater frequency 
are also apparent upon the expansion curve ; these may be due 
to vibrations of the steel diaphragm itself. 

Effect of Bore of Connexion Tube. 

If the bore of the connexion tube be too small, the gases therein 
will be throttled and the pressure considerably damped down. 

The indicator diagram taken with too small a bore of tube will 
exhibit a much smaller pressure rise than the actual rise, and con- 
sequently a smaller area of diagram will result. 

On the other hand, too large a bore will also yield unsatisfactory 
diagrams, on account of frictional and viscosity effects due to the 
increased motion of the gases in the tube ; further, a large volume 
of hot gases sweeping in and out of the indicator is very liable to 
damage the indicator. 

The capacity of the indicator itself must not be appreciable 
compared with that of the combustion chamber space, or the 
true compression pressure of the engine will be altered. 

The correct diameter of the bore of connexion tube in the case 
of optical diaphragm indicators is from 4 to 4-5 millimetres. 

In order to examine for the presence of too large a bore the 
indicator diagrams should be taken — 

(o) With the indicator cock full open, and 

(6) With the cock partially closed in one or two different 
positions. 

If the amplitude of the waves on the expansion line is diminished 
in the case (&), this is an indication of viscosity effects in case (a). 

Cylinder Waves. 

The effect of pressure waves, resonance, viscosity, and dia- 
phragm vibrations have now been considered ; there is, however, 
another source of vibration yielding a wavy expansion line, 
which is due to vibratory effects occurring within the cylinder 
itself. 

This is more particularly the case when the charge is fired from 
some extreme point in the combustion head, and the indicator is 
placed near this point. 

In the case of a T-headed engine investigated by Dr. Watson, it 
was found that if the charge was ignited over each of the two 
valves in turn, cylinder waves were set up, but that it the charge 
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was simultaneously ignited over the two valves the effects were 
neutralized and no cylinder waves occurred. 

An example of cylinder wave effects, as shown by the indicator 
diagram, is given in Fig. 144, the waves or ripples being quite 
marked ; the diagram was obtained when the charge was ignited 
over the exhaust in a T-headed engine running at 1,100 revolutions 
per minute. 

The effect of simultaneous ignitions from two suitably disposed 




Fig. 144. — Epfect of Cylinder Waves. 

sparking plugs in this case was found to result in an increase of 
indicated horse power at 1,100 revolutions of 13 per cent., and 
at 1,600 revolutions of 12-9 per cent. 

Uses of the Indicator Diagram. 

From the preceding remarks the value of the indicator diagram 
in reveahng the pressure changes occurring within the engine 
cylinder will have been noticed by the observant reader ; in order, 
however, to more fully appreciate the importance and value attached 
to a rehable indicator, it is proposed to here consider briefly some 
of the uses to which it can be put. 

Dealing with the mechanical side first, one is able to examine 
the working of a particular engine, and from the indicator diagram 
records obtained to know definitely in which direction improve- 
ment may be made. 

Thus by noting the values of the exhaust and inlet pressures 
as obtained by use of the indicator, the effect of different valve 
tuning can be fairly accurately predicted. 

This effect can be studied with precision by means of suction 
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and exhaust diagrams taken with weak diaphragms, so as to obtain 
a magnified scale of pressure. 

In the case of two-stroke engines using crankcase compression, 
the magnified pressure scale diagrams taken from the crankcase 
afford useful means for studying the action of this type of engine, and 
to assist in improvements of charge efficiency, timing operations, 
scavenging, etc. 

An example of the ordinary and of the crankcase diagram is given 
in Fig. 145, the positive portion of the crankcase diagram corre- 



Speed. 640 
.M.E.P, 63 





Crankcase Diagram. 
Speed, 607 
M.E.P, 4-6 

Fig. 145. — Two-Cycle Engine Diagrams. 



spending to the expansion stroke of the piston. The fall in pres- 
sure in the crankcase when the inlet port is opened at A, and the 
maximum charge pressure just before A, will be noticed. 

The subjects of carburettor and silencer design can be studied 
in a rational manner by means of indicator diagrams taken from 
the inlet and exhaust manifolds ; examples of this use of the 
indicator diagram have already been given. 

It is evidently a much more commendable practice to endeavour 
to observe exactly what is happening within the cylinder by means 
of the indicator than by blindly groping about by trial and error 
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methods, which are not only expensive but occupy much valuable 
time in most cases. 

Many of the leading motor manufacturers are aheady adopting 
the indicator as a more accurate alternative to road and bench 
tests for experimental work in connexion with engine design and 
tuning, etc. 

In the optical types of indicator, the diagrams can be watched 
upon the ground glass screen ; it is fascinating and instructive to 



Speed, 840 




Light 
Spring 
Diagram. 




Fig. 146. — ^Normal and Light Spring Diagrams for Petrol Engines. 



watch the effect upon the shape of the diagram of changes in mix- 
ture strength, throttle opening, and ignition timing, etc. 

In considering the design of the valves and valve ports, the most 
suitable carburettor, the timing operations and cam contour, etc., 
the light spring diagrams of the suction and exhaust strokes have 
proved very useful. 

An example of an indicator diagram, and a light spring diagram of 
the suction and exhaust strokes is reproduced in Fig. 146, from one 
of Dr. Watson's tests. 

For the purpose of obtaining these light spring diagrams, a 
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thinner diaphragm than usual is employed, above which is pro- 
vided a stop to prevent the effects of the explosion pressure per- 
manently distorting the diaphragm. It is generally, however, not 
possible to subject the disc to more than a limited number of ex- 
plosions without fracturing it. 

Use of the Indicator for Studying Ignition Phenomena. 

Nearly aU of the hitherto obscure ignition phenomena have now 
been successfully explained, with the help of the indicator diagram. 
Thus it was shown several years ago by Dr. Watson * that the 
nature of the spark itself has no influence at aU upon the pressure 
developed during the subsequent explosion — that is to say, it does 
not matter whether the spark is a " fat " or weak one, provided 
that it occurs at the right moment. 

The magneto was considered superior to the old make-and- 
break or trembler system, as it was thought that the spark obtained 
was hotter. 

Experiments were made, employing the two methods of ignition, 
and indicator diagrams taken conclusively proved the fallacy of 
the existing belief. 

The superiority of the magneto over the trembler coil was also 
shown by means of the indicator diagram, although it was also 
practically evident that the former was the better ignition means. 

It was found that the loss of power when using the trembler 
coil was due to faulty timing, for if the spark advance was correctly 
set for one cylinder it would occur either too early or too late in 
the other cylinders. 

The commutator was the errant factor, and by employing a 
special design of commutator to give correct timing for all the cylin- 
ders the engine yielded just as much power with the coU as with 
the magneto. 

This is more particularly the case with engines having the spark- 
ing plug over the inlet valve, and with as pure a mixture as possible 
at the moment of firing. 

Where the plug is situated elsewhere than in the inlet valve vicinity 
it was found that the hotter magneto spark was a distinct advan- 
tage, and more especially so when weaker mixtures were employed. 

The use of displaced or purposely set " out-of -phase " indicator 
diagrams has been found of great assistance in studying the rate 
of pressure rise in the cylinder. 

Thus if the spot of Hght (in the indicator) is set so that it is mov- 
ing at its maximum speed during the time of burning of the charge 

* Vide The Autocar, July 25, 1908, p. 124. 
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the pressure curve will be exaggerated, and rendered better for the 
purpose of examination. 

The pressure rise, on ignition, with correctly adjusted phase 
always occurs during the period in which the piston and the 
horizontal phase motion of the spot of light is travelling most 
slowly, so that the pressure rise curve is practically a vertical line. 

By altering the phase until the spot of light is about in the centre 
of its path when the piston is at its top, the pressure rise curve is 
exaggerated. 

Fig. 147 illustrates the diagram obtained by purposely altering 
the phase of the spot of light by about 60° of crank angle, in the 







Fig. 147. — Indicator Diagram witb Displaced Phase. 



case of a sleeve valve engine. The true diagram corresponding 
with and taken at the same time as this displaced diagram is given 
in Fig. 143! 

By means of these displaced diagrams the duration of the spark 
and the pressure rise were studied in the cases of the trembler coil 
and the magneto respectively. It was found that the period of 
the magneto spark was very much longer than that of the trembler 
coil ; this is due to the period of vibration of the trembler blade 
being smaU compared with that of the engine revolutions. 

The average period of vibration of the trembler coil employed 
on car engines is about 200 (breaks per second). 
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If the sector which makes contact on the commutator is 20°, 
that is, equivalent to 40° crank angle, then in the case of an engine 
revolving at 1,200 revolutions per minute the time of contact on 
the commutator is -0056 second. As the period of the trembler 
coU blade is also -005 second, it is evident that at and above this 
speed only one break will occur, and therefore only one spark (in- 
stead of the usual succession at lower speeds) ; at higher engine 
speeds the trembler will therefore be unreliable. 

For starting up and slow running purposes the trembler is there- 
fore most suited. 

One other instance of the utility of the indicator diagram will 
be here given in connexion with the influence of duplex sparking 
upon power developed in the case of normal compression engines. 

Dr. Watson has shown that in the case of a T-headed engine, 
in which the valves are in pockets upon opposite sides of the cylin- 
der, that by arranging to ignite the charge simultaneously by 
means of plugs placed over each pocket, that a marked increase 
in power occurs. 

Thus at 1,100 revolutions the I.H.P., with a single sparking 
plug over the inlet valve was 18-4, while with two plugs placed as 
above described the I.H.P. was 20-8, an increase in power of 13 
per cent. At 1,400 revolutions the I.H.P., with two sparks, was 
29-2, as compared with 26-0 obtained with the single spark. 

The beneficial effect is due no doubt to the more rapid ignition 
obtained, for the time of attainment of maximum pressure from 
the moment of the spark occurring is a function of the length of the 
maximum path of travel of the explosion wave. 

By employing two plugs, suitably placed, the maximum path of 
travel of the explosion or combustion wave is shortened. 

It has been pointed out by more than one experimenter upon 
high speed engines that very little advantage accrues from the 
use of two plugs in such engines. 

This is, no doubt, due to the high compressions employed in 
such engines, for the time of combustion is also a function of the 
compression pressure, the higher the latter is the more rapid does 
the ignition period become, and the hotter the charge before ignition. 

With very high compression pressures the explosions approach 
the state of detonations. There is no doubt, however, that with 
compression pressures below about 95 lbs. per sq. inch duplex spark- 
ing is a marked advantage, this latter becoming more enhanced 
at higher speeds. 



CHAPTER VI 

The Mechanics of the High Speed Intbenal Combustion 

Engine 

General Considerations. 

In the previous chapters the theoretical, physical, and experimental 
aspects of the subject of the development of power from the 
explosive mixture have been considered ; thus the manner in 
which the chemical energy of the fuel is utUized, the peculiar 
changes accompanying its transformation into mechanical energy, 
the thermal and pressure changes, and their determination have 
been dealt with at some length. 

It is proposed in the present chapter to study the factors involved 
in the practical utilization of the heat energy of the fuel, and to 
consider in some detail the mechanics of the workmg parts of the 
internal combustion engine. 

The function of the mechanism of any engine is to provide a 
means whereby the heat energy of the fuel can be converted into 
useful mechanical work, and in a manner convenient for the 
employment of this work. 

The investigations of the present Chapter wiU be confined to the 
subject of the reciprocating engine (that is, to the standard petrol 
engine mechanism), as the internal combustion turbine has not 
yet attained and does not appear Ukely, for some time, to gain 
sufficient foothold in the commercial world to warrant present dis- 
cussion. 

Various types of engine have from time to time been iiivented 
for which some advantage has been claimed over the ordinary con- 
necting rod-and-crank system, but it is not proposed to deal with 
these, although their consideration will become greatly simplified 
if the principles of the ordinary reciprocating engine are fully 
understood. 

The chief object of the mechanism of the petrol engine is to 
convert the relative reciprocating motion of the piston with 
the cylinder into a rotary one, this being the most convenient 
motion for adapting to various purposes. 

261 
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Piston Position and Crank Angle. 

It is of importance to the designer to know the exact piston 
position corresponding with any given crank angle. 

This can be obtained either mathematically or graphically. 

Dealing with the former method first, let P represent the posi- 
tion of the piston (which replaces the crosshead and piston rod of 
steam engine practice) along its stroke AB (=2r), Fig. 148. 

Let r = radius of crank pin circle 

and Z = connecting rod length 

6 — angle of crank with line of stroke 
X = displacement AP of piston. 

We then have a; = AP = A^E, 
where E is the point in which an arc of radius PC = I, from P as 
centre, cuts the line of stroke. 




Ax P 



Fig. 148. 



And AiE = AID + DE 

= (AiQ - DO) + DE 



= (r - r cos 0) + Z - V(P - r^ sin^ 6) 



If w = the ratio 



connecting rod _ I 



= r(l - cos 0) + Z] 1 - V 1 -^ sin2 6 



crank ; 

Then a; = r(l - cos 6) + l[l - \/ 

This may be written — 

^sin^e 



s"in2 e 



x=r(\ — cos 6)+ Z|l — f 1 — J — — j [approximately 



= t{\ - cos 6) + — (1 - cos 26) 
4w 
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The above expression is 
very nearly true, since the 
other terms of the series on 
the right-hand side become 
very small.* 

If the motion of the 
piston were a simple 
harmonic one [S.H.M,], that 
is, if the connecting rod were Fio. 149. 

of infinite length, then the 
piston displacement would be given by 

X =r(l -cos 6), Fig. 149, 

so that the effect of a finite length of connecting rod is to intro- 
duce the second term, and the resulting piston displacement may 
be regarded as due to an initial S.H.M. due to the revolution of 
a point of radius r and a superimposed S.H.M. due to the revolution 

T 

of a point in a circle of radius — , and with an angular velocity 

double that of the original one. 

Further, the " error " in the piston's position introduced, due 
to the obliquity of the connecting rod, is represented by the term 

y =~a - cos 20). 

This is a maximum when -^=0, that is when 0= 90° or 270°, 

da 

. . , ,, - 2r ., , . the piston stroke 

and its value then becomes -- — , that is ± 

in in 

It is a minimum when 6 = or 180°, and is therefore zero at the 
two ends of the piston stroke. 

Piston Displacement for Offset Cylinder. 

In several examples of petrol engines the line of stroke of the 
piston is displaced at right angles to its normal position, for 
certain reasons which will be dealt with later ; it is important in 
dealing with questions of balance, etc., to be able to determine the 
piston position at any crank angle. 

In the diagram, Fig. 150, let 6 = the amount of offset, and for 
convenience, the distance PA = x the piston position, and the 
distance OP = a. 

* For an exact expression for the piston position, see page 316. 
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k-Z>->| With the notation given in the diagram, 

and considering the triangle POC, we have 

P = a2 -p r2 - 2 ar cos . . (1) 
Also 6=a + p (2) 




X 

and cos a = — and sin a = — 
a a 



(3) 



Further from (2) cos 6 = cos (a + P) 
= cos a cos p — sin a sin /3 

X Q b . a 

= — cos a — — sm p 
a a 



Hence (1) becomes 



^2 = a2 ^ y2 _ 2 ar\ ~- cos 5 - — sm 
a a 



in^) 



Fig. 150. — The Offset 
Cylinder. 



Also since a^ = a;^ -j- h'^, this expression 
simplifies down to a;^ — 2r cos ^.x — 
(Z2 -I- 62 + r2 + 2hr sin ^) = 0, a quadratic 
in X. 

The solution of this equation by the usual 
algebraic rules is : — 

a; = r cos /S + Vr^ cos^ /3 + Z^ - 62 - r^ - 2rh sin /3 
It will be evident from the figure that the negative root is 
inadmissible, and so, in terms of the cosine only, we get, since 

sin^ P = 1 — cos2 fi ^^ 

a; = r cos ,9 + Jv'-^'' - r^ + r^ cos2 /3 - 2br(Vl - cos2 P) 
The second expression under the root sign can be expressed as a 
series for 

, cos2/3 cos*;S cos«/S 
(1 - cos2 ^)* = 1 2" + -T~ " s '^ 

and we have 

x=rcosP+ '\/(l^ - 62 _ 26r - r2) + {r^ + 6r) cos^ p +^ cos* /3 

+ etc. 
This expression can be further simphfied by neglecting higher 
powers of cos /S, and expanding out as a series the expression under 
the surd sign, and we have, 
after substituting A = 1^ - b^ - 2br - r^ 
and B = r(6 + r) 



U 



= r cos ^3 + A* + -^^ cos2 P + 



2B2 



^^ cos* p + etc. 
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This expression represents the position of the piston for any 
given crank angle, fi very approximately, and can be employed 
for differentiation purposes, in connexion with the velocity and 
acceleration. 




Fia. 151. 



Graphical Method for Piston Displacement. 

If the connecting rod be regarded as of infinite length, it is a 
simple matter to obtain the position of the piston corresponding 
to any crank angle. 

Thus if the crank be in the position OC (see Fig. 151), and 
a perpendicular be dropped 
from C to the line of stroke at 
D, then A^D represents the dis- 
tance of piston from the outer 
end of its stroke. 

For AID =r(l - cos B). 

From this it is evident that 
the piston displacement plotted 
against crank angle will give a 
curve of sines. 

Next, consider the connecting 
rod of finite length PC (Fig. 148). 

The position P of the piston for any crank angle 6 is obtained 
by sweeping an arc of radius CP = I from C as centre, the corre- 
sponding piston position being where this arc cuts the line of stroke. 

If it is required to find the piston position corresponding with 
each position of the crank, this operation is repeated for each 
crank position. 

MuUer's Circles. 

A somewhat more convenient method of obtaining in an easy 
manner the piston displacement for any crank position, due to 
MiiUer, is as follows : — 

Let ABE be the line of stroke (Fig. 152) and Oc the crank radius, 
cP being the connecting rod. 

With centre 0, and radius 0I(= r) describe the circle Id 
„ „ OK{=l + r) „ „ X 

„ „ „ OB{=l-r) „ „ Y 

Now with radius I and centre I describe the circle Z. 
The piston displacement for any crank angle Oa is given by the 
intercept ab on the crank arm, between the circles X and Z. 
In order to prove this, join 61, 6P and Ic respectively. Then 
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Fig. 152. — ^Mulleb's Circles fob Piston Displacement. 

in the triangles Icb and IcP we have the sides &I and cP both equal 
to I, and cl is common to both, and 

<;6cl =<PIc. 

So that the triangles are equal in all respects 
and cb = PI 
Also ca = lA = I. 
Hence ab = AP the piston displacement. 



Curves of Piston Displacement. 

It is often convenient, in the case of any given engine, to be able 
to quickly find the position of the piston for a given crank angle, 
and vice-versa. 

The polar curve is very suitable for this purpose. 

The principle of the- use of this curve is that the intercept of the 
crank arm on the curve represents the distance of the piston from 
its mid-position. 

The curves are constructed graphically by first finding the corre- 
sponding point E, to the piston's position, and then intercepting 
the distance OE upon the crank arm, thus obtaining a point R. 

The locus of R for all crank angles gives the polar curve. 

An example of a polar displacement curve is shown in Fig. 153, 
and it will be evident that the intercept of the crank OR represents 
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the corresponding 
piston position from 
the mid-point of its 
stroke, or OR, its 
distance from the ex- 
treme point of its 
stroke. 

For an infinite con- 
necting rod this polar 
curve becomes a pair 
of circles of diameter 
equal to the crank 
radius, and with their 
centres on the line of 
stroke, and the greater the obliquity of the connecting rod, the 
more distorted do these initially circular curves become. 

Another method of representing conveniently the piston dis- 
placement for different crank positions is to plot upon a crank 
angle base the distances of the piston from the centre of its stroke, 
as ordinates. 




Fig. 153.- 



-polab cueves of piston 
Displacement. 



Piston Velocity. 

It is required to obtain an expression for the velocity of the 
piston at any moment in terms of the crank angle stroke and con- 
necting rod length. 

Dealing with the case where the connecting rod is very long, so 
that the motion of the piston follows a simple harmonic law, we 
have, with the notation in the diagram, Fig. 149 — 

The piston displacement from the centre x ~ r cos 6. 

dx . n dd 



The velocity V,, 



dt 



dt 



But 



dd 
dt 



is the rate of change of the angle d, that is, its angular 



velocity, and the linear velocity of the crank pin C = ?• — = V„ 
Hence Vj, = V^ sin 6 

So that the velocity of the point P varies according to the law 
of sines, and is a maximum when B = 90° ; it is then equal to 
the velocity of the piston, and the velocity is a minimum at 
the two extreme ends of its path of travel, and is then 
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Efiect of Connecting Rod Obliquity. 

Consider next, the case for a finite length of connecting rod I. 

Referring again to Mg. 148, we have already obtained an expres- 
sion for the position of the piston in terms of the crank angle, and 
in order to obtain the velocity it is necessary to differentiate this 
expression in regard to the time. 

Thus we have given x =r{\ — cos 6) + Z] 1 — -■s/l^ — r^ sin^ B) 

. a d6 , r^.2 sin e.cos 6 dd 
dt 2Vli-r^sm.^edt 

and simplifying we have for the velocity of 



f, r cos d 



Then V^ = 


dx 
"dt 


= r 


Writing V, 


= 1 


dti 
df 


the piston : 








\ 


= v< 



It wiU be seen that the effect of the obUquity of the connecting 
rod is to introduce the second term 

r „ sin 26 



2 Wp - 7-2 sin2 6 

The velocity is a maximum at a position which can be deter- 
mined from the above expression by substituting actual numerical 
values, or by differentiating the expression. 

Thus by differentiating the expression for Vj, we obtain 

dy^ V,f . , W2 cos 20 + r^ sin^ 6] 

— " = — ?-^ cos a + ■ * 

dt r\ (l^ - r^ sin2 0| 

and by equating to zero, and simplifying, the expression for the 
values of the crank angle at which the velocity is a maximum is 
obtained, and we then have 

72 74 74 

sin« e --^ sin* - -- sin^ + _ = 

J.2 y4 ' J.4 

The solution of this cubic equation gives the values of the crank 
angle for maximum velocity. 

As an example of the application of this expression to practical 
purposes, the following values for connecting rod to crank ratios 
occurring in practice have been calculated. 



Crank Angle (in degrees) from top dead centre at whi ch 
the velocity of the piston is a maximum. 



73-18 
76-71 
79-11 
80-60 
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From these results it will be evident that the greater the obliquity 
of the connecting rod, the earher in the stroke is the velocity of 
the piston a maximum ; and the longer the connecting rod in rela- 
tion to the crank, the nearer to its mid-position does the maximum 
velocity of the piston occur — that is, the motion of the piston 
approaches a simple harmonic one. 

In an exactly similar manner the velocity at any point of the 
stroke of the piston having an ofiset or " desaxe " cylinder can be 
obtained. 

It is only necessary to differentiate the expression for the 
piston displacement in order to arrive at an expression for the 
piston's velocity at any crank angle. 

The Graphical Method for Piston Velocity. 

With the notation employed in Fig. 154, let Vj, represent the 
piston's velocity at any point P, and V„ the uniform crank pin 
linear velocity. 











Vo 










c 




F^ 






^j-^ 


--7 


N^ 


\ 


P_^ 


■-r 






^ 


\ 


Vp 








) 


1 



Fig. 154. 



It will be evident that at the crank pin C its direction of motion 
will be tangential to the crank pin circle. 

Further, the resolute of the piston's velocity along the connect- 
ing rod must be equal to the resolute of the crank pin's velocity 
along this rod, since it is a rigid mass. 



We thus have V^ cos ^ = V^ cos ^ 



V 

or -J 



cos /5 _ sin OCT 



cos <p sin OTC 



OT 
00 



sin(93 4- 6) 
cos (p 



Hence the intercept OT of the connecting rod upon the vertical 
diameter of the crank pin circle at once gives a measure of the 
piston velocity for this position of the crank (the radius of the 
crank pin circle being proportional to the uniform crank pin velocity). 
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It will be evident from this that the piston velocity is a maxi- 
mum when the angle OCT is 90° on either side of the line of stroke, 

V 
and is equal in value to - — ° ^ 

sm OTQ 

This will be seen to occur before the crank is perpendicular to 
the line of stroke, as was shown previously mathematically. 

Curves of Velocity. 

If the method of intercepts be employed to obtain the 
piston velocity, relative to the crank pin, and if further the inter- 
cept OT be marked ofE upon the crank arm, for aU positions of 




Fig. 155. — Polah Ctxrves of Piston Velocity. 



the crank, then the locus of all such points on the crank arm will 
give a polar curve of piston velocity. 

The method of construction is indicated and an example of the 
curves for a connecting rod crank ratio of 4 given in Fig. 155. 

To obtain the velocity of the piston for any crank angle from 
these curves it is only necessary to measure the length of the crank 
pin intercept OR, then, if OA represents the crank pin velocity to 
scale, OR will to a similar scale represent the piston's velocity. 

If the connecting rod is very long the two polar curves wQl 
approach true circles having diameters equal to the crank pin 
radius, and their centres upon a diameter of the crank pin circle 
perpendicular to the line of stroke. 

A general method of construction of the velocity curve upon a 
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piston stroke base, due to Unwin, is given in Fig. 156, and further 
the polar velocity curve has been described from this, and is also 
given in the same figure. 

In this figure Od represents the crank length r, and do the con- 
necting rod I. 

Produce Oi^ to /, making df equal to the crank pin velocity V^. 
Draw fg parallel to the connecting rod to cut the perpendicular 
from c in gr. 

Then eg represents the piston velocity when the piston is at c. 



/' 



/ 







< — s — ^ 



FiQ. 156. — Curves of Piston Velocity. 



For all positions of the crank points such as gr can be determined, 
and a curve of piston velocity upon the piston stroke base is 
obtained. 

When the connecting rod is very long, this curve approaches an 
ellipse. 

The Angular Velocity of the Connecting Rod. 

It is required to obtain an expression for the angular motion 
of the connecting rod about the gudgeon pin, as this at once gives 
a measure of the rubbing velocity at the bearing surfaces of the 
latter. 

Using the diagram of Fig. 154, we have 

I sin q> =r sin 6 = CD 
or I cos (p.d(p = r cos 6.dd 

DO^CT 
CP 



Sothat^=''^°^^ 
do 



I cos <p DP 

Hence the ratio of the connecting rod to crank pin angular 
velocities is given by the segments into which the crank pin C 
divides the Une PT. 

It follows from this that the angular velocity of the connecting 
rod will be zero when CT = 0, that is, when the crank is perpen- 
dicular to the Hne of centres. 
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The angular motion of the rod will be a maximum when CT = r, 
that is, when the crank is on the dead centres, and its value will 
then be 

where W^ and W„ represent the angular velocities of the connect- 
ing rod and crank respectively. 

Rubbing Velocity of Gudgeon and Crank Pins. 

The actual maximum rubbing velocity of the small end upon 
the gudgeon pin is then given by 

W 

7b 

where Vg is the rubbing velocity, a the radius of the gudgeon pin, 
and Wj the angular velocity of the crank. 

Expressed in a more convenient form, in terms of the revolu- 
tions per minute N of the crank pin, we have Vg = — .27iN 

Similarly the crank pin rubbing velocity at any moment is 
Vj, = angular velocity of OOP X &, where b = radius of crank pin. 
We thus have : Angular velocity of AP relative to PC given by 

d{(p + 6 ) ^ PC-fCT ^ PT 

de CT CT 

PT 
Then rubbing velocity of crank pin = ^■^'^c 

This is a maximum when CT = r, that is, when the crank is in 

the dead centre position. 

Expressed in terms of the revolutions per minute, the maximum 

I 4- r 
rubbing velocity of crank pin = b. .2jrN. 

If the lengths be expressed in feet, the rubbing velocity will be 
in feet per minute. 

Mean Piston Velocity. 

If the crank pin velocity be V„ and the crank pin radius r, then 
the crank pin moves through a distance 2nr, whilst the piston 
moves through 4r (twice the stroke). 

Hence the mean piston velocity V j = —.V = V 

" 2nr " 7t ° 
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On the polar curves this mean velocity can be represented by 
2 
a circle of radius — V. drawn with as centre, and in the case of 

n " 

2 
linear curves by a straight line of height — V^ 



Piston Acceleration. 

As in the method adopted for the treatment of piston velocity, 
the mathematical side will be first considered for the case of the 
acceleration, and the graphical methods afterwards. 

Referring again to the diagram shown in Fig. 148, the piston 
displacement is given by — 

X =r{l - cos d) + Z|l \ 

By differentiating this expression with respect to the time, we 
have piston velocity at P = Vj, = -j- 

= V. sin 6J1 + [as before. 

Differentiating again, we obtain the piston acceleration at the 
position P, that is 

. dY^ d^x V2/ . , rP 008= e + r^ sin* d] 

A„ = —J" = , = _A -^ cos + ; r 

" dt dp r I {P - r^ sin^ 0)5 J 

From this expression it will be evident that the piston accelera- 
tion when the crank is on the in-centre (and the piston at the outer 
end of its stroke) will be given by substituting 6=0. 

V2 / r \ 

And we have acceleration at in-centre = — ( 1 + — - j 

and for the out-centre since d = 180° 

V2 / r \ 

we have acceleration at out-centre = — (1 — — ) 

r \ I / 

that is, a retardation or negative acceleration. 

Or if the revolutions per minute of the crank shaft N be given, 
we have 

Acceleration at in-centre = ( 1 + — )feet per sec.^ 

3600 \ I J ^ 

47i^N^?V r \ 

and acceleration at out-centre = (1 - — Ifeet per sec.^ 

3600 V I J ^ 



274 HIGH SPEED INTERNAL COMBUSTION ENGINES 

The acceleration at any other position of the piston can be deter- 
mined from the expression given, but usually, for design and 
similar purposes, it is only required to know the values at the two 
ends, and the value of the crank angle for which the acceleration is 
zero. 

This occurs when the velocity is a maximum, and it has already 
been shown that by equating the expression for the acceleration 

P Z* I* 

to zero a cubic equation sin^S sin* 6 — —- sin^ + —- = 

^ «2 y.4 «4 

is obtained, and the solution of this equation gives the values of 
6 for zero acceleration. 

It can also be shown that the distance of the piston from the 
outer end of its stroke, when no acceleration occurs, is given by 
the expression 

d = y (l +n - Vr+n^) 

Also, when the crank is at right angles to the line of centres, by 
substituting 6 = 90° in the acceleration expression we get 

Acceleration 690°= r-==^ 

Vl^ - r^ 

These expressions are convenient for constructing the accelera- 
tion diagram. 

Corresponding values for d, when the crank is at right angles 
to the connecting rod, that is to say, values of the crank angle 
when the velocity of the piston is a maximum, are given upon 
page 268. 

If the motion of the piston were simple harmonic (that is, it the 
connecting rod were infinite) , then the acceleration at any position 
of the crank would be given by 

A„ = ^— = — ^ cos 
' dt^ r 

so that in the expression for the acceleration of a finite length con- 
necting rod the second term represents the " error " introduced 
by the obliquity of the connecting rod. 

The Graphical Method for Piston Acceleration. 

If the velocity of the piston be known at different positions of 
the stroke, the corresponding values for the acceleration can be 
deduced, siace acceleration is the time rate of change of velocity. 

The general method of obtaining the acceleration wiU first be 
considered. 
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In the case of the polar 
curve of piston velocity, con- 
sider a number of radii vector 
drawn at equal time intervals, 
that is, imagine the crank pin 
circle to be divided up into a 
number of equal parts (since 
the crank pin velocity is 
uniform). 

Then consider three consecu- 
tive radii vector drawn in this 

manner. Let OA, OB, and 00 represent the velocities for these 
positions of the crank (that is the intercepts upon the polar velocity 
curve). 

If now Vi, Va and V3 represent the magnitudes of these respective 
velocities, we have — 

Average acceleration between) _ Va — Vj dt=th.e time 
crank positions OA and OB j Xf. interval 




and between OB and 00 = 



dt 

V3 -V2 
dt 



Now in the limit when the time interval is exceedingly small 
the points A, B and C will be very close together. The acceleration 
at the point B will be represented by the tangent to the curve at 
that point. 

Similarly, in the case of the linear velocity curve upon a crank 
angle base, the ordinates at equal intervals will represent equal 
time intervals, and the difference in height of consecutive ordinates 
will represent the average acceleration over the intermediate 
time interval. 

Thus, referring to Fig. 158, if the time 
intervals be dt, then the average accelera- 
tion between A and A^ will be represented 

(r^ — ~), and by erecting an ordinate 

midway between A and Ai, proportional 
2/1—2/, a curve of acceleration upon a 
crank angle base is obtained. Alterna- 
tively, if a series of tangents are drawn to 
the velocity curve at the points B, B', B", 
etc., the values of the tangents of the 
angles made with the base line AA" are 
proportional to the accelerations at these 
points. 




Fig. 1§8. 
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If the base line represents piston displacement, it should be 
divided into equal time interval positions, the divisions, of course, 
being unequal in this case. 

The above general method for obtaining the acceleration graphi- 
cally can be applied to the velocity curves of any mechanism, but 
it is only approximate in practice, since it is difficult to draw the 







In -centre 



Fig. 159. — Cukve of Piston Acceleration on Stroke Base. 



tangents at a point accurately, and the time intervals, necessarily, 
have to be finite. 

The usual method adopted, in the case of the engine mechanism, 
is to plot the acceleration of the piston upon a piston-stroke 
base. 

The values of the acceleration can be calculated at the two 
extreme ends of the stroke, and the position of no acceleration 
obtained by methods already considered. 

By calculating values of the acceleration from the general expres- 
sion for one or two other intermediate positions, sufficient points 
are obtained to enable the curve of acceleration to be drawn fairly 
accurately. 

An example of a piston acceleration curve is given in Fig. 159, 
and it will be observed that the acceleration is a maximum at the 
beginning of the downward stroke of the piston (that is, towards 
the crank shaft), and gradually diminishes to zero before half of 
the stroke is accomplished, after which a negative acceleration (or 
retardation) occurs of increasing magnitude, finally attaining a 
maximum value at the inner end of the stroke, 
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The dotted line shows the corresponding acceleration curve for 
an infinite connecting rod. 

The greater the obliquity of the connecting rod, the greater 
will be the value of the initial maximum acceleration, and the dif- 
ference between the maximum positive and negative accelera- 
tions. 

It should be mentioned that it is the initial maximum value 
of the piston acceleration which determines the magnitude of 
the inertia stresses due to the piston's weight, etc., to which the 
moving parts are subjected. 



Klein's Piston Acceleration Method. 

A graphic method for finding the acceleration of the piston for 
any position is shown in Fig. 160. 




/Tp 



Fig. 160. — Klein's Constkuction for Piston Acceleration. 



The coimecting rod PC cuts the vertical diameter in N. With 
C as centre and CN as radius, a circle is described. 

Bisect the connecting rod in E and sweep out the arc FG 
to cut the smaller circle at these points, the radius of the arc 
being EC. 

Join FG, and if necessary, produce it to cut the line of stroke 
in H. 

Then the acceleration of the piston] _ „„ f angular velo- ) ' 
at P I 1 city of crank J 

The proof of this method is arrived at by dropping a perpendiculai 
OM on CN and drawing HK parallel to LM. 

It has previously been shown that if V^ be the crank pin velocity, 
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and £0g and co^ the angular velocities of the connecting rod and 
crank, respectively, 

Then cOj,=co,.— 

The acceleration of C along CO is co^^CO, and the resolute of 
this acceleration along the connecting rod is w^^CM. 

The acceleration of C along the connecting rod, due to the com- 
ponent of the connecting rod's angular acceleration, is Wb^CP. 

Now w^^cp = ^__ = _i^ = co^^LC 

The total acceleration of the piston along the connecting rod 
is made up of the resolute of the crank's acceleration in its direction, 
and of its own acceleration in the direction of its length. 

Hence acceleration of piston along PC = co^ (LC + CM) 

Eesolving this acceleration along the line of stroke PO we finally 
obtain the acceleration of the piston in its direction of motion as 



Inertia of Reciprocating Parts. 

It has already been shown that the piston experiences an 
acceleration during the earUer period of its inward movement, and a 
retardation towards the latter end of the stroke. 

In order to accelerate the mass of the piston, a certain force is 
required. 

Thus if M be the mass of the piston in pounds and / the accelera- 
tion in feet per second, then the force F required to accelerate it 
is given by 

M/ 
F = — , where g is the acceleration due to gravity [=32-12 

feet per sec] 

Now it is possible to calculate / for any position of the piston, 
and therefore the value of F corresponding can be ascertained. 

Evidently since M and g are constant, F will vary directly as /, 
and the diagram of piston acceleration is also, to a suitable scale, 
a diagram of piston accelerating force F. 

Hence the inertia force at the beguming of the down-stroke 
(that is, for the in-centre crank position) is given by 

F, =^l-fiV where. =1 
g \ nJ r 
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and for the out-centre — 

F. = 



Mcoh 



C-i) 



This may be expressed in terms of the engine revolutions per 
minute by ■writing — 



* " g 3600 V - n J 



By reference to Fig. 159, which may now be regarded as a diagram 
of accelerating force, it will be seen that whereas the initial accelera- 
tion is equivalent to a reduction in the effective pressure upon 
the piston during the earlier part of its stroke, yet during the latter 
portion this pressure is enhanced by the retardation occurring. 



200 



^^^^;;22:; ^/^^^fy c: (^ ^ 



^^f^— Indicated Pivsssure 




Compression Stroke ' 



^Inertia Pressure-^ 
^Indicated Pressure 



Firing Stroke. 



Pig. 161. — Piston Pressures corrected for Inertia [1000 revs. 

PER MIN.]. 



This effect during the working (or firing) stroke of the piston 
can be more clearly imderstood by reference to the diagram of 
piston pressures upon a piston stroke base, as plotted from an 
indicator diagram, and shown in Fig. 161. 

The shaded curve shows the resultant effective pressure per sq. 
inch upon the piston when corrected for the piston inertia effect. 

In order to obtain the real correction for the iuertia efiect, the 

accelerating force F at any point must be divided by the area of 

the piston. 

4F 4M/ 
Thus the equivalent inertia pressure = — = ,„ 

nd^ nd^g 

where d = diameter of piston. 
FHorther, in the case of vertical engines the weight of the piston 



280 HIGH SPEED INTERNAL COMBUSTION ENGINES 

itself has to be added to the force causing acceleration, during the 

downward motion, and subtracted during the upward motion. 

This is equivalent to adding or subtracting a small constant 

4W 
pressure -— to the effective explosion pressure. Since, however, 

in most car and aeronautical engines the dead weight of the piston 
is only a matter of a pound or two, and the area of the piston 
several square inches, the dead weight equivalent pressure will 
only be a fraction of a pound per square inch as compared with 
explosion and inertia pressures (at high speeds) of a hundred or 
two pounds per square inch. 

It will be observed from Fig. 161, which illustrates an actual 
example, to scale, that one effect of piston inertia is to tend to 
render the efiective explosion pressure more imiform during the 
firing stroke ; also during the compression stroke the effect of 
the retardation of the piston towards the end of the stroke is to 
diminish the actual effort due to the energy stored in the fljrwheel 
upon the compressed gas. 

This retardation force, called into play, actually diminishes the 
pressure between the small end of the connecting rod and the 
gudgeon pin. 

In order to reduce these inertia pressures, for a given maximum 
speed, the reciprocating parts have, necessarily, to be made as 
light as possible, since at any given speed the inertia force due to 
the acceleration or retardation of the piston varies as the mass of 
the accelerated or retarded parts. 

It must also be remembered that whatever energy is absorbed 
or used up in accelerating the reciprocating parts is not lost, since 
an equal amount of energy is given back during the ensuing 
retardation. 

This win be evident from the curve of piston inertia given, for 
the areas for the acceleration and retardation periods are equal. 

Lightness of reciprocating parts is an invaluable aid in reducing 
the bearing pressures between the working siirfaces, for with 
heavy pistons and rods these pressures may become excessive, 
and since friction is an irreversible process, the loss of power is 
continuous for both acceleration and retardation. At high speeds, 
with heavy parts, the lubrication is generally ineffective, since 
the lubricant becomes squeezed out of the bearings. 

Further, it wiU be shown later that the degree of vibration due 
to unbalanced parts varies directly as the mass of the reciprocating 
parts, and is a source of inefficiency, wear and tear, and discomfort. 

In high speed engines the inertia pressures often become so 
great that they sometimes exceed the explosion pressures and 
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cause a marked change in the distribution of resultant pressure 
and torque. 

At speeds of 2,500 revolutions per minute and over in the case 
of car and cycle engines, the inertia pressures may begin to equal 
or exceed the explosion pressures, and the actual wearing effect 
of the explosion pressures becomes insignificant in comparison 
with inertia wearing effects ; in fact, practical experience in the 
case of high speed engines shows that the side of the crank pin 
remote from the piston during the firing stroke (i.e., nearest to the 
crankshaft centre) wears the most. 



200 - 




Cofripression 



'^^ Indicated Pressure 
sl^Inertia Pressure 

\ 




'Indicated Press. 
-Inertia Pressure: 

( EldngL 



Pio. 162.- 



-PlSTON PBESStTBES COEKECTED FOB InEBTIA [2,500 BEYS. 
PEE MIN.]. 



Fig. 162 represents to scale the piston pressure corrected for inertia 
effects for a speed of 2,500 revolutions per minute, the reciprocating 
mass being 3 lbs. per cylinder as before. 

It wiU be observed that the inertia pressures are very high, and 
that they completely alter the character and shape of indicator 
diagram (shown on a stroke base). 

In the diagram, areas above the base line represent work done 
by the piston, whilst areas below this line represent work done 
upon the piston either to accelerate the reciprocating mass or to 
compress the gas. 

It wiU be noticed that a considerable amount of inertia energy 
is given back towards the end of the compression stroke, greatly 
in excess of that needed for compression purposes. 
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This diagram may also be taken to represent the force on the 
gudgeon pin (to a siiitable scale, that is, by multiplying by the 
piston area). 

The areas above represent positive pressures by the piston upon 
the gudgeon pin, whilst those below represent pressures exerted 
by the connecting rod upon the gudgeon pin (in the direction of 
the line of stroke). 

The sudden reversal of this total pressure on the pin at the end 
of the compression stroke is very marked, and tends in practice 
to give rise to a knock when any play exists between the small 
end bearing and gudgeon pin. 

Crank Effort or Torque. 

In the diagram shown in Fig. 163 let P be the total pressure upon 
the piston when in the position p and let Q be the resultant connect- 




FiQ. 163. 



ing rod thrust and E, the normal thrust between the piston and 
cylinder walls. 

Then we have from the diagram, since the triangles pnO and 
Onm are similar, 

P = Q cos 09 = Q. -i- = Q.-— 
pn On 

Hence the moment of the crank effort Q.Om = P.Ow = Pr sin B 

r cos 6 \ 



(' + 



VP - r^ sin2 0/ 

So that, knowing the value of P (the total pressure upon the 
piston), the value of the torque, or crank-efiort, can be calculated 
for all values of d. 

Alternatively, the torque can be graphically obtained by measur- 
ing the length On for different crank positions, and multiplying 
by the total piston pressure. 



THE MECHANICS OF THE MOINS 283 

The torque is therefore a function of the piston pressure and 
the crank angle. 

If the value of P be obtained from the indicator diagram 
(corrected for inertia and dead weight, but neglecting friction 
effects), then the torque at different crank positions is obtain- 
able. 

If now the values of the torque thus obtained be plotted 
against values of crank angle, a diagram of crank-eiiort will 
result. 

The area of this diagram will represent the amount of work 
done per revolution. This follows since area of torque curve 

(360 
T.dd, which is also an expression for the work done per 

revolution. 

It is next proposed to briefly consider the torque curves of some 
of the types of petrol engine employed in practice, so that their 
relative merits, from this point of view, may be compared ; 
later on the question of the balance of these examples will also be 
considered, so that a more complete comparison of different types 
may be made. 

From the designer's point of view the mean and maximum 
values of the torque for any given engine are very importEtnt, for 
it is the value of the former which determines the power output at 
any given speed, whilst the maximum torque governs the strength 
of the crankshaft ; further, the amount of variation of the actual 
torque has an important bearing upon the permissible stresses in 
the crankshaft and transmission, etc. 

Torsional Oscillations. 

Another important factor that is governed by the variation of 
the actual torque is that of the torsional vibrations set up, for 
while the engine is working there is a reaction torque, equal and 
opposite to the torque upon the crankshaft. It is the variation 
of this torque which tends to set up vibrations in the supports, 
more especially when these are not adequately stiff, and when the 
natural period of vibration approaches that of the torque variation 
periods. 

It may be of interest to consider this subject a little further, 
and to examine the case of elastic oscillations under the influence 
of a periodic torque. 

Imagine a body capable of rotation about a fixed centre. 

Let the moment of inertia of the whole body about this centre 
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be denoted by I, then it can be shown that the time of vibration 
is given by 

t= 2n \/I, where R = torque apphed 

R angular displacement caused 

In the case of a circular shaft of diameter d and modulus of 
rigidity C, if T be the applied torque, then the angular displace- 
ment due to this torque is given by 

6 = — rr^ , where I = the length of shaft 

and 6 = angular displacement in radius. 
Hence substituting for R = — = 

we get time of oscillation t =27i\ 



7id*Cg 

^ d\0.g 

This principle is true for all torsional oscillations, and can be 
applied to the case of the crankshaft, transmission, etc., and also 
to the case of the reactive torque upon the engine cylinders and 
framing, although its application would require a knowledge of 
the moment of inertia, and the deflection per unit couple applied, 
in order to determine the value of R in the expression. 

Critical Speeds and Torque Vibrations. 

What is more important, in the above consideration, is the fact 
that the whole framing, and crankshaft, etc., have definite periods 
of vibration of their own, and that when the frequency of variation 
of the torque due to the engine approaches that of these parts 
resonance effects occur, and the vibrations may then assume 
unpleasant dimensions. 

It is a well-known fact that nearly every high speed internal 
combustion engine has its " critical speeds " at which these 
vibrations are marked and it should be one of the objects of the 
designer to guard against these effects as far as possible. 

The engine may be balanced to a nicety, in so far as the inertia 
pressm-es and centrifugal forces are concerned, and yet be sub- 
jected to " critical " vibrations. 

Thus it is a feature of six-cylinder vertical engines that, although 
their mechanical balance is as perfect as possible — only the sixth 
harmonics being unbalanced — yet at definite engine speeds 
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" critical " vibrations, manifested as a tremor through the car (or 
engine framing), occur. 

As the engine speed is increased or decreased above or below 
this critical speed, the vibrations die away and smooth running is 
resumed. 

There is usually two or three definite speeds in the ratio 1:2:3 
within the running speed range of four- and six-cylinder engines 
at which these vibrations are felt, these speeds corresponding to 
multiples or harmonics of the natural frequency of the crankshaft 
under the influence of torsional vibrations. 

The six-cyhnder engine is more liable to these vibrations than 
the ordinary four-cyhnder engine, on account of its greater length 
of crankshaft. 

The effects of these " critical " vibrations also tends to 
upset the balance of the engine due to the torsional deflections 
affecting the angles of the cranks, and this effect, although 
the angular deflections are small, may become quite appreci- 
able. 

Designers of better classes of car engines have successfully 
attempted to obviate these torsional effects by introducing " vibra- 
tion dampers " to the crankshaft, the function of which is to damp 
out these critical speed vibrations by mechanical or fluid frictional 
damping devices. 

Some manufacturers have employed stiffer crankshafts in known 
cases of critical speed effects, whilst others have sought to meet 
the difficulty by adopting different stroke-bore ratios, for the 
longer stroke engines are the greater offenders in respect to torsional 
vibrations. 

In gas engine practice, the addition of an extra flywheel to 
the front end of the crankshaft has been successfully em- 
ployed. 

In the Daimler and Lanchester four- and six-cyhnder engines 
a " vibration damper " working upon the fluid friction principle 
is employed ; this is shown iUustrated in Fig. 164. 

It will be seen to consist of a multi-disc clutch (which is further 
utiUzed to drive the fan, as a puUey for the fan-belt), running in 
a rather viscous oil bath, one set of clutch discs, or plates, being 
keyed to the crankshaft extension, and the other set to the fan 
puUey fljrwheel proper. 

In the normal way, the whole damper rotates as a rigid mass, 
but at the critical speeds the fluid friction of the oil between the 
clutch plates is very effective in damping out quickly the crank- 
shaft torsional vibrations. 

The chief advantage of the torsional vibration damper is that 
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Fig. 164. — The Lanchestek Vibration Damper. 



it prevents an accumulation of amplitude efiect under the influ- 
ence of periodic torques, which would otherwise tend to cause 
synchronous deflection effects of marked magnitude. 

Torque Diagrams for Different Types of Engine. 

It is now proposed to consider a few of the more important cases 
of the application of crank-effort or torque curves to examples 
occurring in practice. 

For the purposes of comparison, it will be more convenient to 
assume that all the types of engine have the same sized cylinder, 
the engine speed being constant in each case. 

In the examples considered, the bore and stroke have been 
taken as 3 and 4 inches respectively, and the engines to be running 
at 1,000 revolutions per minute. 

Further, a connecting rod crank ratio of 4 ( = n) has been assumed, 
and the weight of the reciprocating parts to be 4 lbs. 

A standard example of indicator diagram has been taken, 
plotted out on a crank angle base, and corrected for inertia effects 
in the manner previously explained. 

The equivalent inertia pressures in lbs. per square inch have been 
estimated to be 59 and 36 for the in- and out-centres respectively. 

In each case the mean value of the torque for one complete 
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cycle of operations of a single cylinder or two crank revolutions 
has been obtained from the mean height of the torque diagram, 
and further, the ratio of the maximum to the mean torque is given 
in each case. 
Case I. — The single-cylinder type, as illustrated diagrammati- 




FiG. 165a.- 



360 
Crank Angle. 
-The Single Cylinder Engine Torque Curve. 



cally in Figs. 165 and 165a, gives a torque diagram as illustrated in 
the upper part of the same figure. 

It will be noticed that the variation in the crank-effort during 
the firing stroke is very marked in this case ; the ratio of maximum 
to mean torque being 8-6. 
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It win be seen later that such a high value of this ratio necessi- 
tates relatively larger sizes of the torque transmission parts, and 
heavier flywheel, than in the succeeding cases. 

Case II. — The diagrams given in Fig. 166 illustrate the torque 
curves for a twin-cylinder side-by-side type of engine with cranks 
at 180°, and firing alternately. 



UJ 



Fig. 166. 



200 — 




50 



180 S60 

Crank Angle. 
Fig. 166. — The Two-Cylindeb Vertical Engine Torque Diagram. 

The dotted curve in the diagram represents the resultant torque 
due to the combination of the two separate torques of the respective 
cylinders. 

In this case the maximum torque is just four times the mean, 
which is represented by the dotted horizontal straight Une. 

Further, it wUl be seen that two explosions follow each other 
consecutively, and then there is an idle period of one revolution, 
and two more firing strokes during the next revolution, and so on. 

Case III. — Two opposed cylinders, with cranks at 180°. The 
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cmnk efEort cvirves for this type of engine, which is illustrated in 
Figs. 198 and 199 , are shown in Fig. 167. 

It is noticeable that the frequency of occurrence of the firing 
strokes is quite regular, so that the periods of occurrence of 
maximum torque will also be regular. 

The ratio of maximum to mean torque during two revolutions 
in this case is 3-9. 

Case IV. — ^Next in consideration is the V type of engine, 
commonly employed in aeroplane and motor-cycle practice. 

The diagrams in Fig. 168 are for cylinders set at 90° and firing 
alternately. 

The interval between consecutive explosions is not quite regular, 




180 360 640 720 

Crank Angle. 

Fig. 167. — The Two-Cylinder Opposed Engine Torque Diagram. 



the intervals being alternately | and J of a revolution, or expressed 
in strokes, three strokes and one stroke respectively of idle 
working. 

The ratio of maximum to mean torque is 4-0. 

It wiU be apparent that the smaller the angle between the 
cylinders, the nearer does the total or combined torque curve 
approach that of a two-cylinder engine with one crank only, and 
the more regular do the firing periods become, that is, the more 
uniform the periods of maximum crank effort. 

Case V. — Four-cylinder with cranks iti pairs at 180°, as shown 
in Figs. 169 and 169a, the order of firing being 1, 2, 4, 3 — ^this 
being the ordinary motor-car engine arrangement. 

V 
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The crank effort diagram indicates that the firing periods are 
quite regular and follow on consecutively with no interval be- 
tween. 

There are four periods of firing or useful crank effort during 
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Fig. 168a. — The 90° Twin Engine Tokqtje Diagkam. 



every two revolutions, and consequently four peaks to the com- 
biaed torque curve. 

The ratio of the maximum to the mean torque in this case is 
2-0 approximately. 
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Case VI. — The six-cylinder type with cranks at 120°, the firing 
order being 1, 4, 2, 6, 3, 5, and representing the ordinary type 
of six-cylinder car engine. 

There are now six firing periods during every two revolutions, 
and consequently six maximum torque peaks, as shown in. Figs. 
170 and 170a. 

The ratio of maximum to the mean torque in this case is 1-4, 
so that one eSect of cylinder duplication is evidently to raise the 




Fig. 169. — The Four-Cylinder Engine. 
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Fig. 169a. — Fottr-Cylindee Engine Torque Diagram. 



720 



height of the mean torque line, and to cause it to more nearly 
approach the maximum torque height. 

From the examples considered, it should be a simple matter 
to determine the resultant crank effort curve for any other arrange- 
ment of cylinders, as it is of importance in internal combustion 
engine design to be able to analyse the effective efforts upon 
the crankshaft, and later on it wiU be possible to compare the 
relative merits of different engine types both from the point of 
view of crank effort and of engine balance, flywheel proportion, 
etc. 
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Fig. 170. — The Six-Cylindek Vektical Englne. 
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Fio. 170a. — The Six-Cydindek Torque Diagram. 
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Thrust on Cylinder Walls. 

Case I. — The obliquity of the connecting rod produces a side 
thrust on the cylinder walls. The value of this thrust increases as 

— =n decreases, assuming a definite value for the motor couple 
r 

or torque. 

Let T be the side thrust 
also F the force at the gudgeon pin, 
and R the force exerted along the connecting rod. 
By taking moments about 0, Tig. 171 
T.OB = R.OC. 

= Torque or couple of the motor. 
The investigation may be proceeded with analytically. Con- 
sidering the equilibrium of the three forces at B 

- = tan w 
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Fio. 171. 



FiQ. 172. 



Putting (p in terms of I, r, and d ; since r sin Q =1 sin tp 

sin <p y sin e r sin 

tan 9 = ^Y 



^ \/i - ''. sin^ e 



VP - r2 sin2 e 



T 
That is ^ = 



r sin d 



F VZ^ - r2 sin^ d 

Case II. — When the engine is offset by an amount h, Fig. 172, 
the balance of the moments about is 

T.OBi + F = R.OCi 
As before, the alternative consideration of the forces at B gives 

T 

_ = tan 9ji 
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Determining (p^ in terms of d.l.r.b. from I sin tp^ = r sin 6 — b, 
we get 

. r sin 6 — b 

tan 05^ = — — 

VP - {r sin 6 - b)^ 

Now the numerator is less and the denominator in Case II as 

T 

compared with Case I, so that the value of = is less. Hence 

for a given value of P, the thrust T is smaller, so long as sin 6 has a 
positive value, that is, during down strokes. When sin d is negative 

T 
— corresponding with up strokes — the value — is greater ; but as 

the real value of F for compression or exhaust strokes is small 
the increase in T is not of great moment. The diminution of T 
on the firing stroke when F is large is, however, quite appreciable. 
It is to this factor that the adoption of offsetting may be put down. 

The Flywheel. 

The function of the flywheel is to minimize the fluctuation of 
engine speed caused by the variation of the crank effort and by 
the variation in load upon the engine. 

The actual crank effort at any moment, in the case of an internal 
combustion engine, depends upon the piston position, connecting 
rod to crank ratio, number of cylinders, etc., and is always vary- 
ing ; sometimes the energy imparted to the flywheel and crank- 
shaft is in excess of the mean resistance or load upon the engine, 
and sometimes below it, so that the speed of the flywheel wiU tend 
to undergo corresponding fluctuations. 

Alternatively the actual load upon the engine may vary 
periodically, but this condition does not often occur in the case 
of petrol engines, unless they be employed for driving pumps or 
compressing air. 

Thus in the former mode of variation of output energy during 
a revolution, if the line MN (Fig. 173) represent the mean height 
of the torque diagram this line may be regarded as the mean torque 
equivalent to the steady load, or resistance, imposed upon the 
engine. 

Then the shaded area above the hne MN will represent the excess 
of "energy obtained during the explosion stroke and imparted to 
the flywheel, thereby causing an increase in its speed. 

Similarly the shaded area below the line MN shows the energy 
obtained at the expense of the kinetic energy of rotation of the 
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flywheel and required for the idle strokes (exhaust, suction, and 
compression) of the engine. 

This absorption of energy from the flywheel will cause a reduc- 
tion in the speed of the flywheel. 

Further, at the points A and B the rates at which work is being 
done on and by the crankshaft is the same, and hence the fly- 
wheel's speed will be neither increasing nor decreasing at these 
points. 

At A the flywheel will just have ceased to supply energy to the 
crankshaft, and therefore its speed wiU be a minimum at this point, 
as indicated by the diagram in Fig. 173, which represents the speed 
jfluctuation curve for a working cycle. 




Zero 
Torque 



' Mean 
1 — Flywheel 



Speed. 



Fig. 173. — Constant Load Flywheel Effect. 



Similarly at B the flywheel will have just finished receiving 
surplus energy from the crankshaft, and so its speed will be a 
maximum here, as shown in the lower diagram. 

Obviously the excesses and deficiencies of energy are equal for 
a cycle of operations, or in other words, the algebraic sum of the 
positive and negative areas for a complete cycle is zero, and are 
obtained at the expense of the energy of rotation of the fly- 
wheel. 

If the area of the torque curve for one complete cycle of opera- 
tions (for any type of engine) be denoted by E, and the greatest 
of the separate areas above or below the mean torque line be denoted 
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(5E 
by SE, then the ratio - is termed the Coefficient of Fluctuation 
hi 

of Energy. 

The following table gives some actual values for the energy 

fluctuation coefficient in different types of petrol engines. 

TABLE XXXV 



Type of Engine. 


Energy CoeflBcient. 


Single-cylinder 

Two-cylinder, vertical cranks at 180° . 
Two-cylinder, 90° twin . . . . 
Four-cylinder vertical ... 

Six-cylinder „ 

Seven-cylinder Gnome 


97 per cent. 

60 

74 

5 

2-4 „ 

2-6 „ 



We have assumed the load upon the engine, until now, to 
be constant diiring a revolution, but more generally if this load 
be regarded as variable, such as when the engine drives a pump 




Zero 
TorquZ 



Fig. 174. — Variable Load Flywheel Effect. 



(hydraulic or pneumatic) or drives a lay shaft which is bent and 
periodically binds in its bearings, if either the clutch or tyres slips 
during a cycle of operations, etc., then the ciu-ve of load torque 
would be no longer represented by a line such as MN in Fig. 173, 
but by a cmrve such as MW^ as shown in Fig. 174 ; then the fluctua- 
tion of energy will be represented by the shaded areas, and the 
points A and B will still represent the places of minimum and 
maximum speeds of the flywheel, but their actual maximum values 
^^ill not be th^ same. 
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For a single cylinder, if the separate areas above and below the 
load torque line be equal, then the speed variation of the flywheel 
will be the same above and below the mean speed, that is to say, 
the minimum speed will be as much below as the maximum speed 
is in excess of the mean. 

The ratio of the extreme range of speed to the mean speed of the 
flywheel, resulting from the variation in the engine effort and load 
" efiort," is termed the Coefficient of Speed Fluctuation, and it 
is the function of the flywheel to keep this coefficient down to an 
assigned limit. 

Since the energy which can be stored in a flywheel is propor- 
tional to its moment of inertia and to the square of its angular 
velocity, there is considerable latitude in which to design an appro- 
priate flywheel to fulfil its functions, for either the mass, diameter, 
and disposition of the material can be varied, generally, at will, 
so as to obtain an appropriate moment of inertia. 

As an illustration of the values of the speed fluctuation co- 
efficient (expressed as a percentage) employed in practice the 
following list is given. 

TABLE XXXVI 



Type of Engine. 



Single-cylinder petrol engine 
Foijr-cylinder ,, ,, . . 

Six-cylinder „ ,, 

Seven-cylinder Gnome ,, 
Steam engine driving machine tools 

,, ,, ,, pump 

,, ,, ,, electrical machinery 



Coefficient of Speed 
Fluctuation. 



5 to 10 

1 to 2 

0-5 to 1-0 

0-1 to 0-4 

2-8 

5 

0-6 



Determination of Flywheel Proportions 

It is required to find the size of flywheel which will give a certain 
limiting speed variation under working conditions. 

Let the mean speed of the flywheel, expressed as an angular 
velocity, be m^, and q the coefficient of speed fluctuation given. 

If (Ml and CO 2 be the maximum and minimum speeds, then 

0)i — 0)2 

q=-^ 

If I be the moment of inertia of the flsnvheel and E„ the energy 
of rotation at its mean speed of the flywheel 

ThenE<, = ^Icu„2 
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and the fluctuation of energy (5E will be given by 

(5E =-I{ftj/ -coa^) = I(coi - a)2)(ft)i + CO2) 

= 2E„g 

Whence E„ = -- 
2q 

From this result the energy E^ of the flywheel necessary to 
keep the speed variation within the assigned limits is known, since 
the fluctuation dE is known from the torque diagram. 

If the mean speed a)„ be known, we have 

2E„ ^E 



I 



/ 2ft>c' 



and since I = Mk^, where M is the mass and Jc the radius of gyra- 
tion of the flywheel, either of these quantities may be variable in 
choosing an appropriate size of flywheel. 

Example. — If the flywheel be made up of an annular rim con- 
nected to the central boss by arms, then if W^ and Wg be their 
respective weights, and k^ and k^ their respective radii of gyration, 
we have I = W^k^^ + W^fc/. 

If the rim of flywheel be of rectangular section, and of internal 

R ^ + R 2 

and external radii R, and R„, then we have k,^ = — — = R^ 

approximately in practice. 

R^ 
Usually Z;/ = -__ 



so that I = (W, + iw,)R2 = i? 
\ 3 y qw/ 



Hence it will be evident that in order to make q, the speed varia- 
tion, a minimum for a given energy fluctuation, the weight and 
radius of the flywheel rim should be as large as conveniently 
possible. 

The radius of the flywheel is, however, limited in practice by 
the centrifugal tension or stresses produced in the material of the 
flywheel itself by the centrifugal force due to rotation. 

Thus it can easily be shown that the centrifugal tension in the 



cov 



rim of a flywheel is — lbs. per sq. inch, where v is the peripheral 

velocity in feet per second and m the weight per foot of a bar 1 
sq. inch in section. 



THE MECHANICS OF THE ENGINU ^99 

Now for cast-iron, such as is used in flywheels, a> = 3-37 lbs. per 
foot per sq. inch section, and the ultimate tensile strength is about 
8 tons to the square inch, or 18,000 lbs. per sq. inch. 

The bursting speed is then given by 

, 32-2 X 18,000 
3-37 

from which w ^ 415 feet per second 

The safe working peripheral speed is usually obtained with a 
factor of safety allowance of about 18, and will be seen to be equiva- 
lent to a peripheral speed, in cast-iron, of 97 feet per second. 

Much, however, depends upon the actual design of the flywheel, 
and upon the frequency and magnitude of the energy fluctuations, 
etc., and it has been found, in practice, inadvisable to exceed a 
peripheral speed, in cast-iron, of 80 feet per second. 

Numerous cases of " burst flywheels " have resulted in employ- 
ing peripheral speeds exceeding this figure. 

Another factor concerned in flywheel strength is that due to 
initial casting stresses, which may very appreciab'y weaken the 
rims and their supports. 

Further, with cast-iron, the metal is not usually homogeneous, 
air-bubbles being often interspersed with the metal, and the 
balance may be thereby impaired, thus causing additional stresses 
on the flywheel rim. 

The adoption of forged steel and cast-steel, for flywheels, is becom- 
ing the practice for high speed engines and machinery, and in certain 
cases steel rims have been shrunk on to the rims of cast-iron fly- 
wheels, and even cast-steel wire rope has been employed with cast- 
iron flywheels, enabling the working speed with the latter material 
to be trebled. 

With good cast-steel flywheels the working peripheral speed 
should not exceed 180 feet per second, and for forged or stamped 
mild steel or iron wheels 140 feet per second. 

For any other material, the safe working rim speed will vary 
as the square root of its ultimate tensile strength, and inversely as 
the square root of its density or weight per linear foot. 

Thus V, = k. \/fj^ 

CO 

where ^ is a constant, usually between 10 and 14, and f^ and co are 
the ultimate tensile strength in pounds per square inch, and weight 
per foot run per square inch section of the material. 

This formula is directly deduced from the considerations already 
given. 
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Further data in connexion with the design of flywheels for internal 
combustion engines will be found in a subsequent companion 
volume upon design. 

Inertia of the Connecting Rod. 

Hitherto the iaertia effect of the piston and those parts recipro- 
cating in a linear direction only have been considered, but it 
wiU be evident that the connecting rod itself wQl be subjected to 
inertia effects, but of a different nature, since the connecting rod 
experiences at one end a reciprocating motion identical with that 
of the piston, and at the other a rotation exactly the same as that 
of the crank pin. 

Evidently its resultant motion wiU be a combination of a trans- 
latory and rotary motion. 

For approximate purposes in inertia and balancing problems it is 
usual to assume the connecting rod to be divided into two parts, 
inversely as the distances of the small and big ends of the rod from 
the C.G. Then the whole mass of the rod is imagined to be divided 
up in this proportion and concentrated at the two ends, so that the 
portion at the small end may be treated as an additional mass to 
the reciprocating mass, and the big end portion treated as a rotating 
mass concentrated at the crank pin, and appropriately balanced. 

This method, although rather rough, yields quite satisfactory 
results for most practical purposes. 

For an exact solution of the motion of the rod it is necessary 
to consider the whole of the separate motions to which it is 
subjected. 

The motion of the rod may be analysed as consisting of — 

(a) A translation of its C.G. with the velocity and acceleration 
of the piston at any instant = /. 

(6) An angular acceleration about P, the gudgeon pin (see 

Fig. 175) of — ?, where q) is the angle CPO. 

And (c) an angular velocity (j^, at any instant j about P. 

It will be ap- 
parent that the 
rod will be imder 
the influence o f 
three separate 
forces acting as 
shown in Fig. 175, 
]'"io. 175. — Inertia of the Coknectinq Rod. and consisting of — 
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(a^) A force Fi acting at the C.G. of rod, causing it to accelerate 

similar to the piston, the magnitude of this force being 

given by 

M/ 
Fi = — ^, where M^ = mass of rod. 

(fti) A force Fj which acts through the centre of percussion, 
and which may be arrived at as follows : The angular 
acceleration of the rod about P may be considered as being 
due to a torque T such that 

T = --i where I = moment of inertia of rod about P 

9 dt^ 

M d^(p 
= '^^jY' '^^^re k is the radius of gyration of rod about P. 

The distance of the centre of percussion from P is — - 

(the same as the length of the simple equivalent pendulum) . 
Hence the force F^ acting at L, the centre of percussion 
is given by 

r,xPL=T=^»A;^.^ 
g dt^ 

whence F,=^^PG.^ 

(c^) The other remaining force acting upon the rod consists of 
the centrifugal force towards P, and which is given by 

F3 =^'.VQ.m 
g \dtJ 

The methods for obtaining the values of angular velocities and 
accelerations of the cormecting rod in terms of the crank angle, 
are given in the earlier portion of this chapter (page 271). 

ELnowing now the magnitude, direction and points of appli- 
cation of these forces acting upon the rod, the resultant force R 
may be obtained by the ordinary graphical (or analytical) methods. 

The resolute of the resultant force along the line of stroke will 
give the connecting rod inertia force at any instant in this direction. 

Also by resolving R along the rod and perpendicular to it, the 
resultant thrust due to the inertia effect of the rod can be obtained, 
and the thrust due to the piston pressure must be corrected for 
this inertia effect, exactly as the piston pressure was corrected 
for piston inertia. 

Jj} obtaining the torque of the engine at any instant, the resul- 
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tant of the piston thrust and inertia effect of the connecting rod 
resolved along itself is obtained, as indicated above, and multiplied 
by the perpendicular distance of the rod (or its prolongation) from 
the crankshaft centre. 

The torque curves should therefore be corrected both for piston 
and connecting rod inertia, in order to obtain accurate results, for 
these two latter efiects become of great importance at high engine 
speeds. 

The weight of the rod itself should be taken into account by 
treating it as an additional force to Fj, Fj'and F3 in finding the 
resultant force R, if greater accuracy is required, but relative to 
these three forces it is generally negligible. 

An alternative analytical method of treating the inertia of the 
connecting rod, together with the forces acting at the big and small 
end pins, should be consulted in The Steam Engine (Prof. Perry), 
p. 544. 

Inertia Forces producing Bending Action on Connecting 
Rod. 

Let the connecting rod be situated as shown in Fig. 176, so that 
it is at right angles to the crank. 




FiQ. 176. 

Then the resultant acceleration of the whole connecting rod in a 
direction parallel to OC wiU cause an outwardly-acting normal inertia 
force F upon the rod, acting at some point /, and causing a bending 
action to occur. 

Let m^ be the weight per unit volume of the rod, then assum- 
ing the section of the rod to be constant throughout its length, the 

weight per unit length is given by m = — , where A is the sectional 

area of the rod. 

(1) Dealing with this simplest case of a uniform section rod first, 
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the outward acceleration at C is given by coV, where ol> is the crank 
pin angular velocity. 

At any point X situated at a distance x from P the normal 

acceleration will be -j-co^r, and hence the acceleration is propor- 
tional to the distance from P, and can therefore be represented by 
the triangle PCE, whose breadth at any part represents the normal 
acceleration at that place. 

The resultant normal force to the rod is evidently the integral 
of all the component accelerations similar to the elementary length 
dx at X from P. 

The force causing acceleration of such an element is 

^F = — .w^r.dx. - 



Hence the resultant force F = \ - — - .xdx 



"* 27 



X =: I 

■'x = 



29 
2 
and acts at — I from P. 
3 

F 2 

The reactions at P and C are therefore — and — F respectively. 

o o 

The rod may now be treated as a beam supported at the ends 
and loaded with a force or weight F. 

The bending moment at any given point such as X is then given 

, ,, F m , x^ 

by M = - .X — — coV.— ^ 

or M = ^^(Px -x^) (1) 

6lg 

It will be seen from this that the bending moment varies not 

as the distance x from B, but as x (P — x^) , and that the curve of 

bending moment has the equation y = kx{P — x^), where y is the 

B.M. and h a constant. 

The maximum B.M. occurs where ~ =0 

ax 

that is P -3x^ = 

OTX = —— (2) 

a/3 
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Substituting this value of a; in (1) we have 

_ rmo^'r 

For the purposes of design it is necessary to be able to compute 
M„^ in this way, in order to determine the maximum bending 
stress in the rod. Thus if Z be the " strength modulus " of the 
section of the rod, the maximum stress is given by 



z 

For a round rod / = ^'^ = ??^a? d = diameter of rod at 

32 
maximum B.M. place, and for a rectangular rod of breadth 6 and 
depth d 

6M„^ 



/ = 



hd^ 



ffesu/tant Centrif. Loadmg 

Curi/e of Sectional Area 
Q or Weight. 




Fig. 177. — -Bendino of Ibbegular Sectional Connecting Rod. 

(2) If the section of the rod be not imiform, but varies all along 
the rod, asiuFig. 177, according to some law of sectional variation 
K = (p{x), where x is the distance from P. 

Then the centrifugal force upon an elementary length bx at X 
is given by 

oF = . — .ox . - 

ip{x) g I 

the first term now representing the mass of the element. 

q){x) 

The resultant force F upon the rod will then be given by 

a; = Z 






F = — ^\ -~-^.dx 
q>(x) 

x = Q 
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the value of which will depend upon the Jaw of variation of the 
section. 

Thus if the section increase uniformly from P to L (neglecting 
the big and small ends) 

then K =a.x, where a is a constant 

,a; = ? 

and F = — =— \ — ax 



i^cuV [ X , 
gl \ ax 
''x = 



m^co^r a 

For more complex variations of section it is simpler to perform 
the integration graphically by dividing the rod up into a number 
of parts by parallel planes to the crank OC, and finding first the 
mass of each part from the average sectional area, and then the 
resultant force upon each mass due to its acceleration in the direc- 
tion parallel to OC. 

The resultant of all of these component forces can be then easily 
obtained. 



The Connecting Rod as a Strut. 

Besides being subjected to inertia bending forces, the connect- 
ing rod is also subject to axial thrust due to the piston and piston 
inertia pressures, which will create buckling stresses quite apart 
from the inertia stresses. 

The rod may be treated as a strut hinged at each end and loaded 
with a load equal to the greatest thrust which can occur, due to the 
piston pressure corrected for inertia effects. 

Thus if T be the maximum axial thrust in rod. 



s <pL 9 \ ^ n/J 



cos 

where P is the total piston load and M the reciprocating mass, q> 
being the angle CPO (Fig. 176). 

The maximum value of this expression can easily be determined 
by foregoing methods. 

Knowing T, then the stress to which the rod is subjected, as a 
strut, is given by 
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where k = the factor of safety, usually lying between 6 and 10, 
under the above conditions of load application 
A = the sectional area (assumed uniform at the centre) 
E = modulus of elasticity of material of rod 
I = its least moment of inertia of cross section at middle 
of rod, about an axis through its C.G. 

The value of the working stress /^ = -j- can thus be calculated. 

A. 

Resultant Connecting Rod Stress. 

In order to determine the strength of the connecting rod under 
the combined influence of bending and end thrust it is necessary 
to calculate the stresses due to these two causes separately, and 
to add them together for the resultant stress. 

Thus resultant stress /b = / + /o 
and from this value /jj the dimensions of the rod are determined, 
knowing the properties of the material employed. 

Thus if the rod be made of mUd steel /^ should not exceed 7,000 
lbs. per sq. inch, more especially on account of the alternating 
action of the loading, which is compressive for the firing, exhaust 
and compression strokes, and tensile for the suction and any 
misfiring or idle strokes. 

For cast-steel rods, /^ should not be greater than about 12,000 
lbs. per sq. inch, whilst for the aUoy steels such as nickel steel, 
nickel chrome, chrome vanadium, etc., the value of the permissible 
working stresses will depend upon the ultimate breaking stress, 
elastic limit, and fatigue-resisting properties of these materials. 



CHAPTER VII 

Engine Balance 

The balance of the working parts of an engine is a very important 
factor in engine design. A perfectly balanced engine is one 
in which the relative motions of the component parts have no 
tendency to make the engine vibrate as a whole. 

The elimination of vibration, especially in automobile and 
aeronautical practice, should be one of the chief objects of every 
designer of high speed internal combustion engines. 

An engine, if perfectly balanced, would, if suspended perfectly 
freely in space, exhibit no vibratory or other movements. In 
connexion with this method of regarding engine balance, mention 
might here be made of an experimental apparatus of Prof. Perry's, 
consisting of four discs keyed to a shaft driven by means of a belt 
from an electric motor. The discs can be made to be out of 
balance to any extent ; and since the whole frame carrying the 
motor and shaft bearings is suspended by wires from an external 
support, any out-of -balance effect of the discs when rotating causes 
the whole frame to vibrate or move. 

If an engine be perfectly in balance, it will, theoretically, require 
no foundation bolts or means of holding it to the ground ; but if 
unbalanced, the reactions of the movements of the unbalanced 
parts will be transmitted to the foundations or frame, through the 
bedplate or supporting arms. 

Actual engines can only be said to approximate to the condition 
of perfect balance. 

There are two distinct modes of vibration which can occur in 
engines. The vibrations which may happen are — 

(a) Vibrations due to the elastic deformations of the material 

of the component parts of the engine, such, for instance, 
as the torsional oscillations of the crankshaft under the 
influence of the periodic piston effort. 

(b) Vibrations of the engine as a whole, considered as a rigid 

system of parts, that is, vibrations of the engine and 
framing as a whole, in which no elastic yielding of the 
components occurs. 

307 
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The question of engine balance is concerned chiefly with the 
latter kind of vibrations, and it is broadly true that these vibra- 
tions are a direct consequence of out of balance effects. 

There are several ways in which the framing and founda- 
tions (or supports) of an engine may vibrate under the influence of 
unbalanced parts, and these may be briefly enumerated thus — 

(1) Vertical linear, or translational vibrations due to unbalanced 

vertical forces. 

(2) Horizontal linear or translational vibrations due to un- 

balanced horizontal forces. 

(3) Rotary oscillations in vertical or horizontal, or indeed in any 

plane, due to unbalanced couples in that plane. 
Before dealing with any specific cases for engine, a consideration 
of a few of the fundamental principles involved in questions of 
engine balance may be of advantage, as a proper grasp of these 
principles will render much easier the task of explanation and the 
understanding of the examples treated herewith. 



Centrifugal Forces and Couples. 

If a mass M be rotated about a fixed centre, with an angular 
velocity m, and it R be the radius of the circular path described, 
then the body will experience a radial force F acting outwards 
given by F = M.co^.R, or writing co = 27rN, where N = the number 
of revolutions per second, 

F = M.4ot2N2.R 

If R be in feet and M in pounds, then the value of the force in 
pounds weight is given by 

M 
Fi =— .4ji2N2.R 

g 

As a general case, consider a body of mass m, whose centre of 
gravity is moving in any path whatever. Let r be the radius of 
curvature. Fig. 178 of the path of the C.G. at any instant, then 
the centrifugal force acting upon the body is 

— _ ^ / = mco^r 

and / will be a function of both 
o) and r. 

Proceeding from this general 
case, imagine a number of par- 
ticles of masses m-i, m2,'nUi ■ ■ ■ 
^ V revolving about a common centre 

^'^ at different radii r^, r^, Ts . . . 
Fio. 178. ^'iid each moving with an angular 




TTV 
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velocity o), as if attached to the same rotating disc. Then the 
axis of rotation of the disc will be subjected to a number of pulls 
of magnitude miCoVj, m^mhr^, ma.co.Vs . . in the respective 
directions of the radii r^, r^, r^ . . . 

The resultant pull upon the axis will be represented by the 
resultant of all the component pulls, that is, by vector sum of 
co^(miri + mif^ + msJ-j +...). 

The resultant, as given by the force diagram, will represent the 
single centifrugal force equivalent to the component forces, and 
an equal and opposite force to this wiU completely balance the 
system of component pulls. 

Thus if the vector sum of the forces be a single force of magni- 
tude X, the forces may be balanced by a mass M, at a distance R 
from the axis, and in a direction diametrically opposite to the 
single resultant, provided that M.R = X. 




It is obvious that any mass M, or any radius R, can be chosen 
to suit other conditions provided that the product fulfils the above 
condition. 

As an example, consider the case of two masses Mi and M, at 
radii Ri and Rj respectively (Fig. 179). 

It is required to balance these by a single mass placed at a 
radius R. 

Draw AB parallel to the radius Ri and proportional to MiRj, 
and AC parallel to the radius Rj and proportional to MgRj. Then 
BC will represent in magnitude and direction the resultant single 
centrifugal force, say, F. 

Hence the two masses Mj and Mj may be balanced by a mass 

F 
= — placed as shown at 0^. 
R 

This procedure may be followed in a simple application. The 



-Ez;- 
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weight of the webs and crank 
~ I . . L'' pin of a single crank are 

assumed to be of value M, and 
it is required to balance this 
by two webs, such as is dia- 

H^ (_j i I jiyi ^. -^ grammatically shown in Fig. 

180, upon the other side of 

the crankshaft (i.e., extensions 

of the crank webs). 

Let r = distance of C.G. of main crank from the axis of rotation 

and Ml = mass of each web balance weight, the C.G. of which is 

at Ri from centre. 



I 

Fig. 180. 



Then HIcoV = 2M.jCo^B.^ 
Mr 



or Ml = 



2Ri 



(see Fig. 180) 



This ensures the centrifugal force, and its moments being in 
balance. 

Usually unit angular velocity is assumed in these cases. 



Centrifugal Couples. 

If a shaft AB of length a be provided with arms of equal length 
r at its ends, and equal weights M be attached to these arms 
(Fig. 181), then the centrifugal force upon each arm when the shaft 
is rotating will be M.co^.r, and the shaft wiU experience a couple 
of moment M.co^.r.o tending to rotate or twist it in the manner 
indicated by the arrow, that is, about an axis perpendicular to 
the direction of rotation and of the centrifugal forces themselves. 
It is important to notice that this couple ^^^ 

will be of constant magnitude but of M f 
varying direction — the axis of the couple 
rotating in a plane perpendicular to the 
axis of the shaft and at the same angular 
velocity. 

Such a couple would occur in the case a "7 

of a two -cylinder engine with cranks at 
180°, and would remain unbalanced. In 
several other types of engine also im- 
balanced couples occur and are resisted 

by the reaction of the supports of the ^^M 

engine. Pio. isi. 



B 
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The Balancing of Crank Webs. 

It has been shown that each crank pin and its webs which give 
rise to radially acting centrifugal forces can be balanced by means 
of a pair of balance weights upon the opposite side of the crank- 
shaft. In practice, however, this is not always done — in fact, it is 
the exception rather than the rule. In multi-cylinder car engines 
the difEctilty of obtaining uniformity in manufacture and the cost 
of providing such weights, which is considered out of proportion to 
the results obtained, are the main reasons given for doing away 
with balance weights. 

The result of leaving these cranks unbalanced is to increase the 
bearing pressures upon the main bearings, and to cause severe 
bending actions to occur upon the crank case. 

Taking the case of a four-cylinder crankshaft (Fig. 182) of the 




three-bearing type, with a cylinder bore and stroke of 4 inches 
and 6 inches respectively, at a speed of 1,500 revolutions per 
minute, there is a resultant centrifugal force of 1,700 lbs. at each 
crank pin. These unbalanced forces cause additional pressures 
upon the main bearings of 700 lbs. each for the end and 1,400 lbs. 
for the central bearings. 

These forces rotate with the direction of the plane of the webs, 
that is, at crankshaft speed, and give rise to an alternating bending 
action upon the crank case which may cause appreciable distor- 
tion, the magnitude of this bending moment in the example given 
being 8,500 inch pounds, which is equivalent to half a ton acting 
at the centre of the crank case, if it is taken as supported at the 
ends.* 

The next consideration is that of an example involving the 
balancing of both forces and couples due to a single weight of 
mass M. The possible solution by using two balance weights is 

* Vide The Automobile Engineer, Oct. 1, 1913, for " Crankshaft Balancing." 



oc c y 
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represented in Fig. 182a, in which 
the conditions for balance are — 
(1) That the resultant centrifugal 
B force must be zero. For 

p this M.r = Miri + M^r^. 

^ (2) That the resultant centrifugal 

^ couple must be zero. For 

M2 this M^rjX = M^r^. 

Mi (3) The weights M, Mi and M.^ 

Fig. 182a. must be in the same plane. 

It will thus be evident that the 
rotating parts can be perfectly balanced by suitably disposed 
weights, and that the balance of the cranks of any type of engine 
is only a matter of the application of the foregoing methods. 

Nevertheless, it is not always a simple and easy matter to make the 
necessary calculations. The application of these methods to the 
general case of the balancing of any number of cranks in any direc- 
tion, and placed anywhere along the crankshaft, will be considered 
next, both graphical and analytical solutions being presented. 



General Case of Engine Balance. 

A number of rotating masses in different transverse planes are 
to be balanced by two masses in two given transverse planes, the 
magnitudes of these masses to be found. 

(1) Graphical Method. — Consider the crankshaft OZ in metric 
projection as shown in Fig. 183. Let A and B be the given trans- 
verse planes of the balance weights whose masses are to be found. 
We are given the mass m, radius r, and angular direction a, and 
also the distance x, for each of the rotating masses, so that the 
position of any mass can be defined by ^mr^. 

First consider the centrifugal forces acting, then every centri- 
fugal force like m.r (unit angular velocity of 1 radian per second 
beiag assumed throughout) can be replaced by a force mr in the 
reference plane A and a centrifugal couple of moment mrx per- 
pendicular to the direction of the force in the plane A. The direc- 
tion of the axis of such a couple is indicated in. the figure by the 
broad lines parallel with the arrow. AU of the centrifugal forces 
therefore can be replaced by equivalent forces in the reference 
plane A and couples. 

We can now proceed to find the resultant of aU the couples 
referred to the plane A. 

A " couple " polygon is drawn, the sides of which, being drawn 
in the proper order, are proportional to the magnitudes of the 
couples, and in the same direction as the axes of couples. The 
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closing side of this polygon gives the magnitude MRX and 
direction a^ of the resultant couple. 

Since X is given, we know MR, and can choose either M or R 
for convenience, so long as the product is constant, and we also 
know the direction of the arm of the balance weight M, namely, 
(a^ + 180°). This gives the position of balance weight, and its 
value, in plane B. 

The resultant of all the centrifugal forces (including MR) referred 
to the plane A is similarly obtained by a diagram of forces, and the 
closing side gives the magnitude MjR„ and direction a^ of the 
resultant force in plane A. 




TI^Z 



.r^acz 




Couple Polygon. 




Force Polygon. 



Fig. 183. 



An equal force M;,R„ in an opposite direction {a^ + 180°) gives 
the magnitude and direction of the equihbriant, and the position 
of the balance weight in plane A is now known. 

This graphical method is equivalent to solving the vector 
equations — 

(a) miria;i{„^ + 90) + »»2''2«2(a2 + 90) + etc. 
and (6) m^r^, + m^r^, + etc. + M„R„„^ + MR„^ = 0. 

(2) The Analytical Method. — In order to obtain an analytical 
solution, the couples and forces are referred to the plane A, as 
before. A pair of convenient axes OX, OY at right angles is 
taken, and the couples and forces resolved along them. 

Since the resolute of any number of forces in a given direction 



M.R.X(„^ + 90)=O 
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is equal to the resolute of their resultant in the same direction, 
we get the following relations — 

MRX sin(aB + 90) = IniirjXi sin (oi + 90) + miT^^ sin (a^ + 90) 

+ etc. 
MRX cos (Ojj + 90) = Zm^r^iXi cos {a^ + 90) + Wgr 2*^2 cos (a^ + 93) 

+ etc. 
from which MR and Oj, are obtainable. 

Also for the resultant of the forces in plane A we have 
M„R^ sin a^ = MR sin a^ + Hm-ir^ sin Oj + m^r^ sin a^ + etc. 
M„R„ cos a^ = MR cos a^ + Em-ir^ cos ax + im^ri cos 02 + etc. 

from which M„R„ and a^ are obtainable, so that a complete 
solution is thus effected, analytically. 

The Reciprocating Parts. 

It has been seen that the centrifugal forces in connexion with 
the rotating parts can be perfectly balanced, although in actual 
practice it is not always possible to effect such a balance, some 
of the reasons for which have already been referred to. 

In the case of the reciprocating parts, of which the piston is a good 
example, the inertia forces to which the motion of these parts gives 
rise win, if unbalanced, occasion rocking and vibration in the 
engine framing and its support. 

It can be shown that if in the case of the single -cylinder engine 
the obliquity of the connecting rod be neglected, then the periodical 
variation of velocity and direction of the moving parts gives rise 
"to inertia forces which are equal in magnitude, but opposite in 
direction, at the two ends of the piston stroke. If, however, the 
obhquity of the connecting rod be allowed for, then the inertia 
forces at the two ends of the stroke are unequal, and this factor is 
of considerable importance in connexion with the balancing of the 
reciprocating parts. 

It win be shown later that the motion of the piston can be repre- 
sented by the displacement (or component along the line of stroke) 
of a number of simple harmonic motions, of different amphtudes 
and of different periods. 

The harmonics of the same period as the piston can be allowed 
for and balanced, but the secondary, tertiary and higher orders 
of harmonics either have to be arranged to balance themselves 
in different tjrpes of engine or have to be left unbalanced. The 
secondary forces, due to the second harmonic of the piston's motion 
may, in some cases, be of appreciable importance. 

Often the secondary forces in an engine are, by a suitable choice 
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of crank positions, made to balance 
themselves, and the higher harmonics 
reduced to negligible proportions. 

The balance of a mass having a 
reciprocating motion can only be 
effected perfectly by the introduction 
of an equal and opposite reciproca- 
ting mass, in the proper phase and 
same line of motion as the original. 

An interesting method of approxi- 
mately balancing the reciprocating 
forces due to the mass of the piston, 
and part of the connecting rod, is 
illustrated in Fig. 184, and is due to 
Lanchester.* Taking the example 
illustrated of a single cylinder engine, 
two flywheels of equal moments of Fig. 184.— Method of Bal- 
inertia were provided with balance ancjng Single Cylindeb 

weights placed opposite to the cranks 

on each flywheel, and were geared together so as to rotate in 
opposite directions, as indicated by the arrows. 

It will be seen that the C.G. of the two balance weights has a 
simple harmonic motion along the centre line of stroke of the 
piston, but opposite in direction. 

Thus the primary reciprocating forces can be perfectly balanced 
by this means. 

A perfectly balanced engine is obtained by having the cylinders 
upon opposite sides of the crankshafts, as shown in Fig. 185, 





FiQ. 185. — Lanchesteb's Early Two-Cylindeb Engine. 
• Vide " Engine Balancing " (F. W. Lanchester), Proc. I. A.M., 1914. 
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which, represents the arrangement of the old Lanehester tjrpe of 
engine of 1896 to 1903. 

The two opposed cylinders were arranged symmetrically upon 
opposite sides of the crank axes, and the connecting rods formed a 
symmetrical parallelogram system in all positions. The balance 
weights A and B were made to balance the rotating portions of the 
cranks, and also the reciprocating parts of the engine. It wiU be 
noticed that the whole system of pistons and connecting rods is 
symmetrical about the point C along the line of strokes, and that 
the motion of this system is strictly simple harmonic, and can 
be balanced by oppositely rotating weights on the crankshaft at 
A and B. 

In reality the higher harmonics balance themselves, provided 
that they all lie in the same plane, and therefore do not introduce 
rocking couples. In this particidar type of engine this was actually 
the case, for, as Lanehester remarks, " the engine was not troubled 
with any rocking moment owing to the fact that the whole of its 
reciprocating parts had ' looking-glass symmetry ' about the 
transverse vertical plane." 

The General Case of Engine Balance. 

It is proposed to consider the general case for the motion of the 
piston in the case of the single-cylinder engine, and for this purpose 
both analytical and graphical methods wiU be employed. The 
results of a detailed study of the above primary example wiU then 
be used in solving the proposition for di£ferent types of engine. 

It will be necessary 
to consider the ex- 
pressions for the dis- 
placement, velocity, 
and acceleration of 
the piston somewhat 
more f uUy than in the 
earher portion of this 
p ,„„ chapter. Let OC be 

the crank arm of 
length r, PC the connecting rod of length I, and Q and Q^ the 
inner and outer dead centre positions of the piston. Fig. 186. 




Assume — = m 

The piston displacement PQ is denoted by x. 
Now a; = PQ = OM + MQ - OP 

= r ain 6 + 1 cos q> — I 
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-r, , sm o) r 

But !- = _ = m 

cos B I 



and cos 9; = Vl — w^ cos^ d 
Hence x =r sin 6 + ZVl — w^ cos^ 6 — I 

or a; = rsin 9 + ij — ^ m^cos^ — - m* cos* + -_m'cos* 

+etc.| 

= r ] sin Q — — m cos^ — —m? cos* 9 + — m* cos* 6 — — — 
12 8 16 128 

m' cos* 6 + etc. [ 

Now 2"-! cos" e = cos ree + >i cos (w - 2)0 + ~ 

cos (m — 4)0 + etc. 
And substituting in the general expression definite values for n 

cos2 0=-L(cos 20 + 1) 

cos* 0= (cos 40 + 4 cos 20 + 3) 

cos* 0= jL(cos 60 + 6 cos 40 + 15 cos 20 + 10) 

COS* 6= etc. 

Hence we may express the displacement of the piston by a 
" Fourier Series," by substituting the multiple angle cosine terms 
for the powers of the cosine terms obtained. 

The most convenient method is to write the displacement as 
X = r^sin 6 — {k -\- q^ cos 20 + Qi cos 40 + pe cos 60 + etc.)] 

Then the values of the constants are obtained by substituting 
for the cosine power terms, and are — 

4 ^64 ^256 ^(121)2 

^ 4 ^16 ^512 ^2048 

pi = — m* + — m^ + — m' 

^* 64 256 642 

1 5 , 25 , 

Or = ™ + Wl' 

'^^ 512 ^ 2048 



^8 = 

gio = etc. 



5 7 



(128)2 
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In order to afford some idea as to the values of these constants 
for certain cases occurring in practice the following table has 
been prepared. 

TABLE XXXVII 

Table op Fourier Constants 





Crank ^ 


1 
4 


1 


1 




Connecting Eod 


5 


k 




■0632 


■0561 


■0504 


p- 




•0635 


■0563 


■0505 


P4 




■000261 


■000177 


■000140 


Pe. 




■00000205 


■00000112 


•0000065 


Ps 




■00000000 


— 






It wiU be found that the analysis of the piston displacement 
gives very accurate results if taken to five terms only, as the higher 
harmonics die away very rapidly after the fourth term. 

Hence we can express the piston's displacement as 

x=rik + sm.d + Q^sia(2d --^ + 54 sin ^49 -!L\+ etc.\ 

It wiU be noticed that only the even harmonics are present ; 

this is accounted for 
by the fact that the 
piston displacements 
are the same for sym- 
metrical crank posi- 
tions, as shown in Fig. 
187. 

From the above ex- 
pression it will be seen 
that the displacement 
of the piston may be 
regarded as being due 
to the component dis- 
placements upon the 
line of stroke of 




-One Revolution. - 
Fig. ]87. 



360 



(a) A constant displacement rh 

(b) A crank of radius r, moving at crank velocity 

(c) A crank of radius rQ2, moving at twice crank velocity and 

out of phase by 90° 

(d) A crank of radius rgi, moving at four times crank velocity 

and out of phase by 90'' 
and so on. 
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Resultant. 
Primary 



Octane 
Fourth 



One Revolution- 
I 

Fig. 188. — Analysis op Piston's Motion. 



The total displacement x may be expressed by means of a number 
of sine curves of different amplitudes and periods, somewhat as 
illustrated in Fig. 188. 

Piston Acceleration. 

By differentiating the expression for the piston displacement twice, 
with respect to the time we obtain the acceleration, thus we have — 

'2. 



^ = coVJsin (6+71)+ 4:Q, aiahd + J) + 1% sin(40 



+-j 



+ 36^6 sinC60+- 



+ . 






The harmonics here become of greater importance as they are 
magnified, 4, 16, 36, etc., times respectively, and these harmonics 
become important in engine balancing problems, since the inertia 
forces are proportional to the above acceleration. 

Corresponding to the table previously given (Table XXXVII), 
a similar one has been prepared for the values of the acceleration 
amplitudes. 

TABLE XXXVIII 
Table of Acceleration Amplitudes 



Connecting Rod „ , . 
Crank ^^''° 


4 


a 


5 


4P2 

16P4 

36pe . ... 


•254 

•0041 

•0ff0074 


•225 

•0028 

•000040 


•202 

•0021 

•000023 
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The results of the preceding investigation can now be 
applied for the purpose of obtaining the piston acceleration 
effect, in which the obUquity of the connecting rod is taken into 
account. 

The acceleration may be considered to be due to the displace- 
ment of — 

(a) A crank of radius coV, rotating at crank velocity, and out 
of phase by + jr 

(&) A crank of radius 4ft) Vg 2, rotating at twice crank velocity, 

and out of phase by + — 
(c) A crank of radius IGco^r^^, rotating at four times crank 

velocity, and out of phase by + — 
{d) A crank of radius 36a) V^e* rotating at six times crank velocity, 

and out of phase by + — 

etc. 

This is represented graphically (Fig. 189) by a vector 01, pro- 





FiG. 189. 



Fig. 190. 



portional in magnitude to ftjV and 180° in advance of the main 
15rank,_and vectors 02, 04, 06, etc., proportional to '^w'^rq^, 16wVp4, 
36cyV£i6, etc., respectively, and rotating at twice, four, six, etc., 
times the crank velocity. * 
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For any position 6 of the main 
crank, the first, second, third, etc., 
vectors go through angles d, 26, 
4:6, etc., respectively (Pig. 190), 
and the resultant acceleration may 
be determined graphically by finding 
the displacement ON due to separate 
displacements, that is, by alge- 
braically summing the respective 
ordinates or projections upon the 
base line (Fig. 191). 

Applications to Balancing Pro- 
blems. 



The expression for the accelera- 
tion force in the case of a single cylinder engine is — 

F = Mco^rlsin (6+7i)+ Ag, sm(26 +-) + 16q, smU6 +-\ 

+ 36^6 sin (66+-\+ . . .1 

where M = mass of reciprocating parts. 

Tj; Ml, connecting rod . . , , , , , , , . 

it tne , ratio be denoted by n, then by substitutmg 




4» 6471^ 



512m« 



, etc.. 



we have 



F = Mco^isin{6+n) + 4:S.am(26 +—) + 16. J— sui(^49 -f ^^ 
1 4w V 2 / 64w3 V 2 / 

if66+—\+etG. 



36.- 



512m5 



M 



The first harmonic may be represented by a mass of - — at the 

crank radius r rotating with velocity 2co for the accelerating force 

M McoV 

= — — (2ft)) V = Similarly for the second harmonic we have 

4w w 

an equivalent mass ——r at crank radius, and so on. 
^ 64w3 
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The Single- Cylinder Engine. 

In the case of the single-cylinder, in so far as the crank and crank 
pin are concerned, these may be balanced by means of suitable 
counterbalance weights upon the opposite side of the shaft. 

In the balancing of the connecting rod it is usual to consider 
the big end of the rod as a rotating part, and to balance it by an 
additional counterbalance weight ; the small end of the rod being 
treated as a reciprocating part, and a corresponding addition is 
made to the weight of the piston and its component parts. 

The method of allotting the weights of the two parts is usually 
taken as being inversely proportional to the distances between 
the end centres and the C.G. of the rod. 

For a single cylinder, the balance of the reciprocating parts in 

respect to the initial simple har- 
monic component is usually 
effected by introducing an equiva- 
lent counterbalance weight to a 
portion of this mass, not to the 
whole of the reciprocating mass. 

This is an important point, for 
if a rotating balance weight equal 
to that of the reciprocating parts 
be employed to effect a balance 
for the latter, then resultant un- 
balanced forces will be introduced 
having a reciprocation at right 
angles to the line of stroke, and 
equal in magnitude to the original 
unbalanced forces. 

This will be evident from Fig. 
192, from which it will be seen that whilst the resolute along the 
line of stroke balances the initial harmonic movement of the 
reciprocating parts, yet the perpendicular resolute is unbalanced. 
In some cases the construction of the engine is such that it is 
better able to resist vibration forces in the direction perpendicular 
to the line of stroke, but generally speaking, a compromise has 
to be adopted between whoUy balancing the reciprocating parts 
by an equal rotating mass on the opposite side of crank shaft 
and not balancing them at aU. 

The usual compromise is to balance halt of the reciprocating 

weight by a rotating counterbalance weight, in which case the 

unbalanced force is equivalent to a mass equal to the added balance 

weight rotating in the direction opposite to the engine's motion. 

A proof of this statement may be obtained by assuming the 




Fig. 192. 
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Fio. 193. 



primary harmonic motion as equivalent to two masses of half the 

reciprocating weight revolving at crankshaft velocity, one in the 

direction and the other in a reverse direction to the main crank, 

as illustrated m Fig. 193. The mass moving in the direction of the 

main crank can be balanced by 

an equal and opposite coimter- 

balance weight, and we are left 

with an unbalanced effect due to 

the mass rotating in a reverse 

direction. 

The degree of compromise in 
attempting to obtain the balance 
of the reciprocatiag masses is 
entirely a question of the con- 
ditions of mounting, usage, etc., 
of the engine. 

An interesting arrangement for 
perfectly balancing the recipro- 
cating forces in a single-cylinder 

engine is that of the Gobron-BriUe, as employed in both car 
and aviation engines. Fig. 194. There are two pistons A and B 

working in the same cylinder, but in 
opposite directions, the compression and 
combustion space being between the two. 
The top piston is arranged to work by 
means of an overhead crosspiece and 
long side connecting rods, on to a pair of 
cranks symmetrically disposed in relation 
with and at 180° to the main crank. 

This is an example of balancing a 
reciprocating mass by an exactly simi- 
lar one, but opposite in direction. 

The engine, necessarily, occupies a 
greater vertical height than normal 
types, but otherwise it possesses advan- 
tages over other types, in the matter of 
balance. 



1 ~^°^ — "^ r 



W^ 



B 



m 



wnwm 



Fig. 194. — The Gobron- 
Brille Engine. 



The Two-Cylinder Engine, Cranks at 180°. 

The line diagram shown in Fig. 195 illustrates the arrangement 
of this type. 

Dealing with the fundamental motion effect first, there will be 
seen to be two forces of magnitude M(uV acting in the directions 
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shown. These constitute a disturbing couple of magnitude 
Mcoh.b, with its axis at C, the direction of the latter being norma 
to the crankshaft axis. 

There will therefore be no resultant vertical force, but a resultant 
couple tending to act about an axis perpendicular to the line of 
stroke and centre of crank axis, the magnitude of the couple at 
any instant about this axis being the resolved part of the main 
rotating couple in this direction. 

The maximum value of the resolved couple McoV.ft. 

The axis of this couple, which is always perpendicular to the 
plane of cranks, revolves about the axis of crankshaft at engine 
speed. 

Effect of the Harmonics. 

The octave harmonic eSect is illustrated in the same diagram 
in Fig. 195. 




Fig. 195. — The Two-Cylinder Engine (Ckanks at 180°). 



M 

This harmonic is such that the mass — at equivalent crank 

in 

radius for the two cranks will have moved through twice the 

crank angle (being of double the fundamental period) and will 

thus be as shown in the diagram in their relative positions. 

These harmonics lag by — behind the fundamental, which for 

convenience is taken in phase with the main cranks. 

The net effect of the octave components is equivalent to two 



forces 



McoV 



acting at right angles to the respective cranks in the 
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same direction, and revolving at twice crankshaft speed, giving 
rise to a hammering action of twice the fundamental frequency. 
Similarly the efiect of the next, or 40 component, can be studied, 
and wiU be seen to be equivalent to two forces at right angles to 
the respective cranks, in the same direction, and revolving at four 
times engine speed. These harmonics give rise to a hammering 
action of four times the fundamental frequency. 



The Two-Cylinder Engine, Cranks at 90°. 

In this type of engine, which is illustrated diagrammatic ally in 
Fig. 196, the fundamental 
component of the pistons' 
motion is represented by 
forces MwV acting in the 
directions shown. 

If a point C midway 
between the centre lines of 
engine cylinders be chosen, 
the force at A may be re- 
placed by an equal force at 
C, and a couple of trans- 
ference Mco^r. — 

Similarly for the replace- 
ment of the force acting 
at B. 

Then we have two equal 
couples, whose axes are 
represented in direction by 
the barred lines , of magni- 
tudes Mo) V. — and two forces 
2 

of magnitude McoV acting 
parallel to the original forces upon the cranks at A and B. 
The two couples may be replaced by a couple of magnitude 

Mo)V b\/2 

'- acting at 45° with the crank arms, and whose axis is 

also perpendicular to the resultant force Mw V'\/2 of the two separate 
forces acting at C. 

The resultant force due to the combined inertia effects of the 
two pistons, and their parts, will be the resolute of the above force 
in the directions of the cylinder axes, and will be a maximum when 




Fig. 196. — The Two-Cylinder Vertical 
Engike (Cranks at 90°). 
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the cranks are symmetrical with the plane of the lines of stroke, 
and its value will then be Mco^V^- A* ^^J other moment its 
value is Ma)Vv'2 cos (6 — 45°), where d is the angle made by 
the leading crank with line of stroke. 

Similarly the resolved part of the resultant couple in a plane 
perpendicular to the resultant force will give the resultant inertia 
couple effect due to the unbalanced reciprocating parts. 

The unbalanced force gives rise to vertical vibrations of a 
frequency equal to the piston's frequency, whilst the unbalanced 
couple effect will tend to rock the engine about a horizontal axis, 
from side to side, the frequency of the angular oscillation being 
the same as that of the piston. 

The maximum value of the unbalanced couple is , and 

2 

occurs when the resolved part of the resultant force in the cylinder 
axes direction is a minimum, or when the leading crank has gone 
through 135° from its inner dead centre. 

The Harmonics. 

The position of the second, fourth and sixth harmonies is shown 

in the lower part of the figure, from which it will be seen that the 

octave or secondary harmonics are equivalent to a couple of 

Mcu^6 
magnitude rotating at twice engine speed, the resolved part 

of which in the plane perpendicular to cylinder axes will represent 
the resultant effect. 

This couple sometimes enhances and sometimes detracts from 
the effect of the primary couple. 

Thus these two couples may be compounded into a single resul- 
tant couple rotating at engine speed, the resolute of which in the 
perpendicular plane to cylinder axes will give the resultant couple 
effect. 

A good exercise for the student would be to find the resultant 
couple due to the primary and octave harmonics, and to plot the 
magnitude of this resultant as a radius vector, the vectorial angle 
representing the direction of the axis of couple (not the crank angle) . 

The fourth harmonics give rise to a hammering action of four 
times the fundamental frequency, and of maximum magnitude 

McoV 

— r-. The sixth harmonics will give rise to a couple rotating at 
in? 

SIX times crankshaft speed, and of maximum value .0, wnicn 
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will sometimes oppose and sometimes enhance the resultant of 
the primary and octave couples. 

The octave couple may become very appreciable for small con- 
necting rod crank ratios, a point that should not be, but occasionally 

is, overlooked. Thus for w = 4, its maximum value is -^' 

4 

whilst that of the primary is , so that the octave effect is 

•^ 1-414 

about half that of the fundamental couple. 



Cylinder No. 1 . 



Cylinder S'o.''2, 



The Two-Cylinder V Engine, Axes at 90°. 

In this arrangement the two pistons drive one crank, as shown 
in Pig. 197. 

The relation of the inertia forces in this type can best be studied 
by the principle of reverse cranks, in which a simple harmonic 
reciprocating motion can 
be represented by two 
equal rotating masses, of 
half the reciprocating 
weight, rotating in oppo- 
site directions as indi- 
cated in Pig. 197. The 
C.G. of these weights 
oscillates with a S.H.M. 
along the line of piston 
stroke and in the same 
phase as the piston, and 
exactly represents the 
piston's motion and 
inertia forces, for the 
fundamental harmonic. 

Por the secondary or 
octave components, the 
equivalent masses at 

crank radii will rotate (in proper phase relative to the funda- 
mental harmonic) at twice crankshaft speed, and so on for the 
higher harmonics. 

Referring to Pig. 197, it will be evident that the primary recipro- 

M M 

eating motion may be represented by a mass — at A and one — 

^ Ji 

at B for each cylinder, revolving in opposite directions. Now the 




Fig. 



197. — The Two-Cylindee 90° 

Engine. 
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M M 

two masses — at AAi balance, whilst the two masses ^ may be 

regarded as a total mass M always at the crank pin B. 

This may be balanced by a mass M^ at a radius R^ upon the 
opposite side of the crankshaft, such that 

MiRi = MR. 

The Secondary Harmonics. 

A little consideration wiU show that when the crank is in the direc- 
tion OC, the direct and reverse cranks for cylinder 1 will be at C, 
whilst those for cylinder 2, having rotated through twice the crank 
angle, wiU both be at D^, and hence the octave forces wiU not be 
in balance, in fact the C.G. of the two secondary forces oscillates in 
a S.H.M. along AA^. This can be easily understood if the positions 
of the direct and reverse cranks be taken for several main crank 
angles. The effect of these unbalanced octaves is to give to the 
engine a vibration of twice the frequency of the main harmonic. 

The maximum value of the unbalanced secondary force wiU be 

M 

the resultant of the two separate maximum forces — .co^R each 

n 

at 90° to the other, that is, a resultant maximum force of 

M 

— tu^R.V^ acting along AA^. 

The Two-Cylinder 180° Opposed Type. 

This type of engine, which is illustrated in Kg. 198, has the 
cylinders placed upon opposite sides of the crankshaft, and the 
cranks are at 180° with each other. The firing strokes are quite 
evenly spaced, thus yielding a torque of regular character. 
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Fig. 198. — The 180° Two-Cyundek Opposed Engine, Co-Axial Type. 
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By arranging the cylinders so that the two lines of stroke coin- 
cide, which can be accomplished in practice by employing a pair 
of connecting rods for one cylinder symmetrically placed upon 
either side of the other, then the fim^damental and octave motions, 
etc., of the two cyUnders balance each other, and no rocking moments 
occur. 

The balance is, in fact, as nearly perfect as it is possible to get 
in any type of engine. The only unbalanced factors that occur 
are the variation in torque due to piston inertia and to the explosion 
impulse. With this type of engine, owing to its excellent balance, 
petrol-engine speeds of over 5,000 revolutions per minute have been 
attained at the time of writing. 




Fio. 199. — The 180° Two-Cylinder Opposed Engine, Offset Type. 

It is often impossible to arrange the cylinders co-axiaUy for 
manufacturing reasons, so that the axis of each cylinder is situated 
opposite to its own crank, the two axes being out of line, as shown 
in Fig. 199. 

In this case there will exist rocking couples of moment equal 
to the primary force multipKed by the axial separation, i.e., Mco^r.b, 
and similarly for the secondary and higher harmonics. 



The Three-Cylinder Engine, Cranks at 120°. 

This type of engine, although not employed at aU in motor-car 
practice, was fairly common in the case of low-powered aeroplane 
engines, such as the 35 H.P. Anzani Y typo and like makes, and 
is still employed. 

The principle of reverse cranks here provides a simple means 
of examining the engine balance. 
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Referring to the dia- 
gram given in Fig. 200 
it will be seen that the 
three fundamental 
direct cranks will all be 
in the position OA, 
whilst the three reverse 
cranks balance each 
other. 

Hence the funda- 
mental harmonic forces 
may be balanced by 

3M ^ , 

a mass at an equal 

radius, but in direction 
opposite to the main 
crank OK. 

The Secondary 
Harmonics. 

Referring to Fig. 
200a, it will be seen 
that the three direct 
octave cranks wiU be in 
positions OA, OB and 
OC respectively, and will therefore balance each other, whilst the 
reverse cranks wiU all be in the position OA, and can only be 




Fig. 



Reverse Crank. 

200. — The Thkee-Cylinder Radial 
Engine. 



balanced by a mass 



M 



2 4n 
counter-clockwise at twice engine speed. 



placed opposite to OA and revolving 



The Fourth Harmonics. 

Similarly it will be found that the three reverse cranks for the 
fourth harmonics all balance, whilst the direct cranks are all in 

3 M 
position OA, and are only capable of balance by a mass -„- „ . 3 

placed opposite, and rotating at four times engine speed. 

The higher harmonics are of much less importance since they 
give rise to unbalanced forces of proportionately smaller magnitude, 
but higher frequency. 

The same method of analysing the inertia forces in other uni- 
crank multi-cylinder types of engine applies. 
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Radial Type Engines, Even Number of Cylinders. 

If the preceding method be apphed to the case of engines with 
four cyhnders the axes of which are in one plane and at 90°, it 
will be found that the fundamental harmonics require balancing 
by a mass at crank radius of 2M. The direct and reverse cranks 
for the secondary or octave masses are each in perfect balance. 

Similarly the fourth harmonics are also perfectly balanced in 
themselves. 

Unfortunately this type of engine is not suitable for petrol or 




(Octaves. 




B 




Direct 
Crank. 



fieverse 
Crank. 



Pig. 200a. 



gas engines owing to the uneven firing periods, although two sets 
of four cylinders each could be made to give an explosion every 
quarter of a revolution and at the same time be balanced. 

By multiplying the number of cylinders in radial types of engine 
similar to the preceding examples the unbalanced harmonics can 
frequently be made to neutralize each other, but if the cylinder 
axes are not in the same plane (as in many multi-cylinder aeroplane 
engines), rocking couples are introduced even when the hammering 
actions are avoided. 

It wiU generally be found that in cases of radial engines with 
an even number of cylinders, spaced at equal intervals, the 
harmonics are all in perfect balance and that the fundamental 
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harmonics can all be balanced by means of a suitable balance 
weight placed opposite the single crank. 

These even-cyhndered engines, as mentioned before, are not always 
for explosion engines on account of the unequal firing intervals, 
unless the number of cylinders is at least six ; several six, ten and 
twenty cylinder engines of this type are employed in aeronautical 
practice. 

Radial Type Engines, Odd Number of Cylinders. 

If the preceding method of analysis be applied to the case of 
the seven-cylinder radial type, such as the single-crank Gnome 
type, it will be found that the primary and secondary harmonics 
are in perfect balance and the fourth is out of balance, but being 
small in magnitude, is almost neghgible, more especially at the 
comparatively low engine speeds of this type, in aeronautical work. 

It can, further, be shown that for an even firing interval, an odd 
number of cylinders must be employed. The seven and nine cylin- 
der Gnome engines are examples. 

The Four-Cylinder Four-Crank Engine. 

This is the ordinary type of motor-car engine with cranks 
arranged as shown in Pig. 201 and for which the torque curves 

are given. 

It will be seen 
later that the chief 
advantages of this 
type of engine con- 
sist in the regular 
firing intervals, and 
in the fundamental 
harmonics' forces 
and couples being 
perfectly in balance. 

However, it should 
be remembered that 
all of the secondary 
harmonics synchro- 
nize, and therefore 
give rise to an un- 
balanced vibration 
of twice the fre- 
quency of the engine 
revolutions. 
{M. Fundamental. i^X Harmonics. If the connecting 

Fio. 201. rods of this four- 
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cylinder type were of infinite length the engine would be in perfect 
balance as regards the whole of the harmonics. Since, however, 
on account of the angularity or obliquity of the connecting rod 
the inertia forces are greater for the top- centre crank positions 
than for the bottom positions, it follows that when two pistons 
are passing through ■ the upper dead centre positions the two other 
pistons will be moving through the lower centre crank positions, 
with the net result that there will be an upward resultant force 
due to the difference between the inertias of the pistons at the 
top and bottom positions. 

Further, this upward force will occur every half -revolution of 
the crankshaft, with similarly occurring downward forces at inter- 
mediate positions. 

The net result is that the engine will 
experience a vibration of twice the fre- 
quency of the engine revolutions. 

There is also another method of con- 
sidering the balance of the four-cylinder 
engine, which is due to Lanchester.* 

The effect of the angularity of the 
connecting rod is to cause each piston to 
reach its mid-position before the crank 
has moved through 90° from its top- 
centre position, or stated in another man- 
ner, when the crank pin is at 90° from 
the top or in-centre all four pistons are 
somewhat below their mid-stroke positions. 

In the case of a 20 H.P. engine the 
position error a (Fig. 202), due to angu- 
larity, amounts to about a quarter of an 
inch. 

Further, the pistons wiU be symmetrical 
with regard to the mid-stroke positions 

twice every revolution at the dead centres, and unsymmetrical 
by the downward position error twice every revolution for the 90° 
crank positions. The effect of this is, that the displacement of 
the whole equivalent reciprocating mass occurs twice every 
revolution and gives rise to vibrations of the same periodicity, 
which are reaUy the same thing as the octave vibrations. 

Generally, the position error is approximately equal to the crank 

r 1 

throw divided by the connecting rod length or — , that is — 

It has further been shown that for a 20 H.P. engine with a 
* " Engine Balancing " (F. W. Lanchester), Proc. I.A.E., 1914. 




FiQ. 202. 



334 HIGH SPEED INTERNAL COMBUSTION ENGINES 

connecting rod over crank ratio of 4J, the octave amplitude is 
Vf of the stroke, and since the disturbing force is proportional to 
the square of the periodic speed, then in the case of the octave 
harmonics the forces called into play will be /^ of that due to 
the main component of each piston. 

Hence, considering the whole four pistons, the unbalanced force 
due to the octave harmonic wiU be \g of the unbalanced funda- 
mental piston force for a single cylinder engine, and of course gives 
rise to vibrations of twice the frequency of those occurring in the 
case of the single cylinder. 

In the case of a four-cylinder engine of 4 inches bore and stroke, 
the weight of the piston being 4 J lbs. and the connecting rod 4 lbs., 
and for a ratio of m = 4, the maximum value of the unbalanced 
vibrating forces at 1,000 revolutions per minute is about 320 lbs. 

At higher speeds the forces will be very much greater since they 
vary as the square of the speed. It wiU therefore be evident that 
the secondary forces in a four-cylinder engine are quite appreciable ; 
later on a method for absorbing these vibrations will be described. 

The matter of the balance of this type of engine can also be 
dealt with by the same method as in the preceding examples. 
Examining first the fundamental harmonics of the piston's motion, 
it will be evident that at all times the two outer crank harmonic 
forces balance in direction and magnitude the two inner crank 
forces, and further that the moments of the primary couples for 
the two left-hand cranks always balance those due to the right- 
hand cranks, so that the primary balance is perfect. 

DeaUng next with the secondary or octave components of the 
piston's motion, a little consideration will show that the whole of the 
octave components for the crank position shown synchronize and 
act vertically upwards. When the main crank has turned through 
90°, these octave components wiU have moved relatively through 
180°, and will always be in synchronism. They will therefore give 
rise to vibrations along the line of stroke of twice the main har- 
monic's frequency. Further, the value of the maximum octave 

4M.co2.r. 

unbalanced force will be F, = 

n. 

The Higher Harmonics. 

As regards the foiuiih harmonics, it will be noted that these all 
synchronize and give rise to vibrations of four times the frequency 
of the primary harmonic ; the maximum value of the fourth har- 
monic's unbalanced force will be 

_ Mo)V 
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Similarly it can be shown that the sixth and higher harmonics 
each synchronize for the four pistons and give rise to vibrations 
of higher frequencies and with correspondingly smaller maximum 
forces. 

Further, it should be mentioned that since each of the harmonics 
synchronize for all the pistons, and act in the same direction, there 
will be no resultant unbalanced couples for these harmonics. 

In practice the effects of the unbalanced octave and fourth 
harmonics are noticeable — it is quite possible to observe in some 
car engines the vibrations due to the former, since it synchronizes 
in frequency with the explosions. In addition, when a four- 
cylinder engine of this type is raced under no-load conditions since 
the torque vibrations are practically negligible, the higher period 
vibrations are quite apparent. When it is remembered that in 
the case of a 25 H.P. engine the maximum value of the unbalanced 
secondary force may be as much as half a ton alternately acting 
in an upward and downward direction, it wiU be seen that the 
effects must become of serious magnitude at high speeds. It is 
also a fact that at certain speeds of a motor-car engine the resonance, 
or sympathetic vibration effect between it and the body of the 
car itself, more especially hmousines and landaulettes, accentuates 
this secondary vibration effect. 

Method of Balancing Secondary Forces. 

Lanchester has devised, and appHed to car engines, an interesting 
piece of mechanism termed an " Anti- Vibrator," for the purpose 
of balancing the secondary harmonic effects. The principle of 
this arrangement consists in the introduction of an equivalent 
harmonic effect, but opposed in direction, to the secondary har- 
monic effect. 

The mechanism employed, which is illustrated in Fig. 203, 
comprises two cranks, driven at twice crankshaft speed, and 
each rotating in opposite directions. In reality it is the practical 
application of reverse crank method, suitable balance weights 
being caused to give an exactly equal and opposite force at all 
times to the secondary forces due to the pistons' motion. 

In the diagram the balance weights A are attached to shafts 
Bi, Ba, which are driven by means of helical gearing Ci, Cj, from 
the main crankshaft. The phase of these balance weights is the 
same, and it follows that a vertical harmonic reciprocating mass 
effect is obtained, opposed to the secondary piston reciprocating 
effect. The apparatus has been fitted successfully to the engines 
of the Lanchester car. 
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Fig. 203. — The Lanchestbb Method of Balancing Secondary Forces. 

Other methods of attempting to balance the octave component 
have employed reciprocating masses of suitable frequency, but 
their non-success is attributable to the heavy stresses and con- 
sequent wear and tear involved. 

Obviously in the method described the energy of the balancing 
mechanism system remains constant for constant engine speed, 
and no appreciable stresses are introduced, but the centrifugal 
component due to each revolving weight will naturally result in 
a corresponding load being thrown upon the balance shaft bearings, 
the direction of which is continually changing as the weight 
revolves. 

The reduction in the weight of the reciprocating parts, such as 
the piston and connecting rod will tend to reduce the magnitude 
of the unbalanced harmonic forces. 



The Six-Cylinder Engine Cranks at 120°. 

The general arrangement of the six-cylinder engine, as used 
in car practice, is shown in Fig. 204. 

It will be noticed that if the crankshaft be bisected by a plane 
perpendicular to the axis that the two halves of the crankshaft, 
each consisting of three cranks at 120°, will be symmetrically 
disposed with reference to this plane, and it is by viewing the 
matter in this light that it is proposed to investigate the problem. 

Dealing first with the fundamental harmonics as represented 
by the components of rotating masses M upon the cranks, the 
three primary harmonics upon one side of the imaginary central 
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Fig. 204. — The Six-Cylinder Engine (Vertical) Cranks at 120°. 



plane will exactly balance the three primary harmonics upon 
the other side ; or, stated in another manner, each set of three 
will be in balance so far as direction is concerned. And again, 
the moments of the primary harmonic forces about the central 
plane of the two sets of three cranks each, upon either side, will 
balance each other, so that the natural balance of the primary 
or fundamental harmonics is perfect. 

Secondary Harmonics. 

Reference to the diagram shown in Fig. 205, the upper circle of 
which represents the crank arrangement referred to a transverse 
perpendicular plane, will explain the position of the equiva- 
lent rotating masses, revolving at twice crankshaft speed for 
the octave harmonics indicated. These octave components 
will be seen to be in perfect balance. Similarly the fourth 
harmonics can be shown to be in perfect balance, both for 
magnitude and direction, and also moments. If the same 
method be applied to obtain the arrangement of the equivalent 
cranks for the sixth harmonics (that is, the 69 term in the 
general expression for the acceleration force), it will be found 
that for the given crank position shown in Fig. 205, the 
arrangement of the sixth harmonic cranks will be as shown 
iu the lower circle in Fig. 205, that is, the whole of these six 
harmonics of the piston's motion will synchronise and give rise 

to forces, the maximum value of which will be 6. .MwV 

51 2n^ 

or — . — =- ; this causes a vibration of frequency six times that of 
64 w° ->■ J 
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the primary, that is, 
occurriQg six times 
per revolution. There 
is, however, no re- 
sultant couple 
brought into play. 

The practical effect 
of this rapidly occur- 
ring vibration is to all 
intents and purposes 
nil, as the magnitude 
of the maximum 
forces occurring due 
to this harmonic is 
very small compared 
with inherent defects 
due to workmanship 
and design. 

The Three-Cylinder 
Engine Cranks at 
120°. 

Resulting from this analysis of the balance of the forces occur- 
ring in the case of the six-cyUnder engine, it will be apparent that 
if one-half of the crankshaft, as divided by the transverse central 
plane, be considered alone, then, so far as the primary, octave and 
fourth harmonics are concerned, the forces are in perfect balance, 
but that owing to their hnes of action being separated, unbalanced 
couples wiU occur in each of these cases, giving rise to a " rock- 
ing " or " plunging " vibration. 

The sixth harmonic is unbalanced both as regards the forces 
and the couples, due to axial separation of the cylinders. 

The Eight-Cylinder V Engine. 

This type of engine, which is represented in the car industry by 
the De Dion Company, and in the aeroplane world by the Renault, 
Wolseley, Sunbeam, R.A.F., etc., is of interest both as regards its 
torque and balance. 

In passing, it is not out of place to note that it possesses marked 
advantages for motor-car use over other arrangements for the 
same number of cylinders. It enables one to get twice the power 
compared with a four-cylinder engine for a given longitudinal 
dimension, that is, for a definite available length of bonnet space. 
It is lighter than a vertical engine of the same number of cylinders 
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and same size of bore and stroke ; it is also lighter in proportion 
than a six-cylinder engine, and in addition, since the length of 
the crankshaft is less, the latter is relatively stiffer and less subject 
to whip. 

One can also put to its credit account advantages in the matter 
of lubrication cooling, size, and manufacturing costs. 

In respect to its application to aeronautical purposes, this type 
of engine conforms fairly well with the present type of aeroplane 
fuselage construction, and airship gondola design, and from the 
point of view of streamlining requirements, so that it is at present 
one of the most popular of the high-powered types, the horse-power 
of a single unit varying from 70 to 300. Moreover, in the case of 
air-cooled engines of this type, the cooUng arrangements are sim- 
plified. 

Reverting to the question of engine balance, the arrangement 
of this type of 
engine is exactly 
similar in trans- 
verse view to that 
of the 90° twin- 
cylinder type 
already discussed, 
and in longitudinal 
view to that of the ^^ — ^ „ „.„ 

four-cylinder verti- ^he Eight-Cylindeb '90° V-Type Engine. 

cal engme. For 

the sake of simplicity, then, the eight -cylinder type may be con- 
sidered to be made up of four sets of twin engines, cylinders being 
set at 90°, as shown in Pig. 206. 

It has already been shown that in the case of a single 90° twin 
engine, the primary forces can be balanced by means of a counter- 
balance weight upon the opposite side of the crankshaft to the crank 
pin, but that the secondary forces are unbalanced, and give rise to 
a sidewise vibration. If now we consider the second set of twin 
engines with the crank at 180° to the first set, it will be seen 
that the unbalanced forces of the secondary harmonics synchronize 
with those of the first set. Hence for the whole set of four pairs 
of 90° twin cylinders with cranks arranged as in the four-cylinder 
vertical car engine, there will be four unbalanced secondary forces 
acting together or in synchronism. 

The maximum value of the total unbalanced secondary forces 

will be '707 ( -^= j times that of a four-cylinder engine having 
the same reciprocating mass. 
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A n alternative 
method of arrang- 
ing the cranks of 
an eight-cylinder 
V-type engine is 
given in Fig. 207, 
the two centre 
cranks being at 

Fig. 207. — Alternative Arr.4ngement for Eight- e C n 

Cymnder V-Type Engine. other instead of 

together as before, 
and at 90° to the outer cranks. 

'- In this case the unbalanced secondary forces of the second crank 
are twice 90°, or 180°, out of phase with those of the first crank, or 
opposed to them. Similarly for the third and fourth cranks the 
secondary forces will be opposed, the net result being that the 
four secondary forces are in perfect balance, and that there is no 
resultant couple. In respect to the fourth harmonics, these will 
be seen to be in synchronism, since they are at four times 90° to 
each other, or 360°, and hence will give rise to unbalanced forces 
of four times the frequency of the fundamental, but their magni- 

tude bemg equal to 8.(^-^-5- jV2 or 2^^^V2 is so very small 

compared with the unbalanced secondary forces in the other 
arrangements of crank. 

It has been estimated that the unbalanced forces of the fourth 
order in this case constitute only one-eightieth part of those of 
the unbalanced secondary forces in the ordinary type of eight- 
cylinder V engine. 

Balancing of other Types. 

It has only been possible to deal in the present Chapter with a 
few of the more important types of engine, in respect to balancing, 
but having become acquainted, however, with the methods em- 
ployed in the foregoing considerations, there should be no difficulty 
in applying these to any type of engine. 

A necessary course to pursue is to consider both the torque 
curves and engine balance for any particular type of engine under 
investigation, and then it is possible to form a fairly definite 
opinion as to the suitability or otherwise of this given type for the 
purposes required. 

For more detailed treatment, with wider scope, of the subject 
of engine balance reference should be had to textbooks on the 
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subject, such as " Engine Balancing," by Prof. A. Sharp, Dalby's 
" Balancing of Engines," etc., and to the papers referred to in 
the foot-notes. 

Elimination of Rocking Moments in Engines. 

As originally pointed out by Lanchester, the rocking moment 
which occurs and which is due to the axial separation of the cylinders 
in different types of engine may be eliminated in multi-cylinder 
types by the method of " optical or looking-glass " symmetry. 
The meaning of this phrase can be made quite clear by consider- 
ing a particular case. It is known that in the two-cylinder 
vertical ty^e with cranks at 180° there is a primary rocking 
couple. If now we imagine a transversely situated mirror at 
the end of crankshaft, then the reflected image of the crankshaft 
represents an arrangement of cranks, which with the original 
cranks will give no rocking couple — or in other words, the rocking 
couple of the original type exactly balances that of the reflected 
type. This combination of object and image is, of course, the 
ordinary four-cylinder arrangement and helps to prove the point. 

Again, the six-cylinder 120° vertical engine can be divided 
by a central transverse plane, one half of the crankshaft being an 
exact reflection of the other half — and it is known that there is 
no resultant rocking couple in this type. Similarly the two- 
cylinder 180° opposed type represents a direct and reflected image 
of the single-cylinder type, and no rocking moment occurs. 

Generally speaking, then, if there exists in any arrangement of 
cylinders an optical symmetry about a symmetrical plane, there 
will be no rocking couples. 

Another way of putting it is that whatever rocking couple is 
set up by the direct or object halt of the engine will be neutralized 
or balanced by the reflected image halt. 

If other arrangements of engine cylinders and cranks be 
examined, the above broad principle will be seen to apply. 

The Effect of Cylinder Ofiset upon Engine Balance. 

The practice of offsetting the crank in the direction of rota- 
tion has been adopted recently by several makers of car, cycle, 
and aeroplane engines, with a view to reducing the thrust upon 
the cylinder walls during the earlier part of the explosion stroke 
when such a thrust is a maximum. An engine so constructed 
is referred to as having a Desaxe disposition. 

This arrangement will cause a modification in the torque 
diagram, and will also affect the balance of the engine. 
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It is not proposed here to deal with the question of offset in 
relation to engine balance in detail, as this would involve a tedious 
mathematical analysis out of proportion to the value resulting, 
but to briefly indicate the actual results of this practice, and to 
point out the hnes along which to deal with problems relating to 
offsetting the crankshaft. 

The matter has been treated in detail in articles by Prof. A. 

Sharp in The Automobile 
Engineer, November, 
1910, and April, 1912, 
and F. W. Lanchester in 
a paper read before the 
Institution of Automobile 
Engineers, February, 1914, 
entitled " Engine Balanc- 
ing," and it is to the latter 
that we owe the following 
treatment. 

Referrng to Fig. 208, 
the line of stroke for an 
offset engine is represented 
by OAi, and of a normal 
type by CS. When the 
crank is perpendicular to 
the line of stroke, the 
connecting rod is in the 
positions PA 2 and PiAj 
respectively for the offset 
type and PC and PjC for 
the normal type, so that 
in the former case the 
points Aj and A 2 corres- 
pond to the point C in the 
latter case. 

Further, since the angle 
A1CA2 is equal to the 
angle PCPj, and this latter 
Pjq 9Qg angle is a maximum for the 

crank positions shown, it 
will be evident that the distance A^Aj is a maximum as shown; 

Hence the motion of the offset piston may be considered to be 
equivalent to the normal piston motion and an approximately 
harmonic motion superimposed of maximum amplitude AA'^, or 
alternatively the offset piston's motion may be approximately 
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represented by the motion of the small end of the connecting 
rod driven by an imaginary crank OD with offset centre 0, and 
it will be seen to be equivalent to an alteration in the phase of 
the normal type by an amount DjOD. 

The effect of offset then is equivalent to a retardation of the 
phase by a small angle, both for the finite and infinite connecting 
rods ; but in the latter case the piston's motion will be strictly 
simple harmonic. 

In the case of the finite connecting rod length, it can be shown 
that the secondary vibration is out of phase with the main vibra- 
tion by the offset angle, and in such a direction as to oppose or 
counteract the effect of the offset angle, that is, in advance of the 
fundamental harmonic. Hence the secondary vibration will be 
in the same phase and in the same direction as in the normal type 
of engine. 

The question of the influence of offset upon engine balance can 
be best considered analytically, and the general method adopted 
consists in obtaining an expression for the offset piston's position 
in terms of the crank angle, and by double differentiation deducing 
the acceleration expression. 

The expression demonstrates that the offset piston's motion is 
due to a number of harmonic motions of different frequencies, 
the amplitudes and maximum values being dependent upon the 
connecting rod crank ratio and upon the degree of offset. 

The expression for the acceleration force in the normal type 
engine is given by 

M rJ^-r Mr ~l 

^^^ =-l-ftco2r\ eose+C2Cos2e+C4Cos4e+C6Cos6e+.-. 
9 dt^ g \_ J 

and in the offset type of engine by 

Md^x^ _ M 

?^ 

, M 



cos 6+A2 COS 26+A4COS 4:6+ Ae cos 66+etc. 
covTsin e + B3 sin 36 + B, sin 50 + etc.l 



where Cj, C4, Ce, etc., are constants depending upon the crank con- 
necting rod ratio, and Ag, A4, Ag, etc., B3, Be, B,, etc., are constants 
depending upon both the crank connecting rod ratio and the amount 
of offset, which can generally each be expressed as an algebraic 
series in n, the crank connecting rod ratio, and a the offset. 

The effect of offset is to introduce odd harmonics into the piston's 
motion, so that for symmetrical crank positions the piston's posi- 
tion is not the same (as in the normal tjrpe). 



344 HIGH SPEED INTERNAL COMBUSTION ENGINES 

The quantitative effect of offset upon engine balance will be 
rendered more intelligible it a concrete example be given. 

Taking the connecting rod crank ratio n = 5, and the amount 
of offset a = crank radius, the expression for the offset piston 
displacement is 

a; = r cos e + Z { -9700 + -0106 cos 26 - -00001 cos 49 + . . . 
+ -0415 sin e - -0002 sin 30 + • ■ • } 
and the accelerating force by 

M d^x M 

— — „ = - — coVlcos e + -0424 cos 26 - -0001 cos 4(9 + . . 
g dt^ g ' 

+ -0415 sin e - -0018 sin 30 + . . . } 

The higher harmonics becoming of less importance. 

It has been shown that in the case of a single cylinder with a 
connecting rod crank ratio of 5 and an offset equal to half the crank 
radius that the increase in the fimdamental unbalanced force is 
only -0002 of its normal value, and in the case of a four-cylinder 
offset engine that the secondary unbalanced force is about 1-5 per 
cent, greater than in the normal four-cylinder type. GteneraUy 
speaking, with the degree of offset employed in practice the effect 
upon engine balance is negligible. 
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